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Summary 
 
 
The cytoskeleton is a complex protein filament network that is essential for the 
functioning of cells. Different cytoskeletal elements play a role in a variety of cellular 
processes: from chromosome segregation and cytokinesis to intracellular spatial organization 
to maintenance of cell shape and formation of diverse structures that trigger locomotion. The 
cytoskeleton can display a striking adaptability to perform these functions in different ways in 
distinct contexts. For example, nuclear positioning in migrating cells can be driven by 
different mechanisms involving the microtubule or actomyosin cytoskeleton that can also 
differ between cells that migrate in 2D or 3D. While the diversity of mechanisms that propel 
the nucleus in migrating cells under different spatial constraints are extensively studied in 
cultured cells, less is known about how this adaptability of the cytoskeleton is achieved in 
tissues. 
To address this question, I studied force generation during nuclear positioning in 
pseudostratified epithelia (PSE) with distinct curvature. PSE are a stage in the development 
of many tissues in both invertebrates and vertebrates. Importantly, PSE can vary widely in 
shape (both thickness and curvature) which makes them an excellent model to study how 
tissue shape influences the performance of intracellular processes by the cytoskeleton. PSE 
comprise a single layer of strongly elongated cells and their nuclei can be positioned along 
the whole apico-basal axis. However, mitosis always occurs on the apical side. Thus, in G2 
nuclei move from their initial positions at different distances from the apical side, to the apical 
surface where cells round and undergo division. Nuclear positioning in PSE cells is 
particularly important for the correct development of these tissues.  
In my thesis work, I studied how actin and myosin generate the forces to propel the 
nucleus in zebrafish neuroepithelia with distinct curvature. To this end, I initially characterized 
the kinetics of apical nuclear migration at high temporal resolution and found that hindbrain 
nuclei move faster, smoother and in a more directed manner to the apical side, while retinal 
nuclei display a saltatory movement. Next, I studied how forces act on nuclei, based on the 
shape changes the organelle experienced during movement to the apical side. The analysis 
of nuclear shape changes demonstrated that the apico-basal axis of retinal nuclei shortens 
during migration, suggesting that nuclei in this tissue are pushed to the apical side. In 
contrast, hindbrain nuclei did not deform, indicating that nuclei in these two tissues are 
subjected to distinct forces. To understand how the responsible cytoskeletal elements 
generate these different forces, I used live imaging to study the distribution of actin and 
myosin and found that they are enriched at different parts of the cell during migration. While 
in the retina actomyosin is enriched in the cytoplasm basally of the nucleus, in hindbrain cells 
 
it is confined mainly to the periphery of the cell. To find out how the cytoskeleton is regulated 
to achieve these distinct distributions, I conducted a small-scale drug screen using fixed and 
live imaging. Accordingly, I found that different actomyosin regulators are important for apical 
migration in these two tissues. The activation of the Rho-GTPase – Rho-kinase pathway was 
essential for nuclear movement only in the hindbrain, but not in the retina. In turn, actin 
nucleation by Fmnl3 was necessary for apical migration only in retinal cells, but not in the 
hindbrain. These results indicated that nuclei in hindbrain and retinal cells use distinct 
mechanisms of actin-dependent force generation to move to the apical side.  
While both hindbrain and retinal neuroepithelia are PSE with intermediate cell length 
they differ in curvature. The generation and maintenance of tissue curvature is related to 
different regulation of pools of contractile actomyosin at different locations inside the cells. I 
hypothesized that the differences in distribution of actomyosin and its regulators within cells 
of tissues with distinct curvature, could present different starting conditions for the formation 
of the actomyosion structures that would propel the nucleus to the apical side. In this way, 
tissue curvature could influence the way apical nuclear migration would be performed in 
zebrafish hindbrain and retina. To probe this hypothesis and test if nuclei in tissues with 
similar curvature would move in a similar manner I characterized the way nuclei move in 
other two regions in the developing zebrafish central nervous system, a straight and a curved 
region within the midbrain-hindbrain border. I found that nuclei in both straight neuroepithelia 
have a faster and more directed nuclear motion and experience weaker deformations than 
nuclei in both curved neuroepithelia. In addition, straight neuroepithelial cells displayed 
similar enrichment of actomyosin at the cell periphery, while cells in both curved 
neuroepithelia showed cytoplasmic enrichment of actin basally of the nucleus during 
migration. These results indicated that nuclei in cells of straight and curved neuroepithelia 
are propelled to the apical side by distinct actin-dependent mechanisms. 
Based on these findings, I concluded that tissue curvature can influence the apical 
movement of nuclei in cells of different zebrafish neuroepithelia. I propose that the link 
between tissue curvature and the mechanism of apical nuclear migration is the distinct 
regulation of actomyosin that is required both to maintain tissue shape and to generate the 
forces that propel the nucleus. This study thus demonstrates that the cytoskeleton has the 
ability to adapt to different geometric constraints by implementing different force generation 
mechanisms that carry out the same intracellular function. 
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1. Introduction 
In my thesis work, I studied how the actin cytoskeleton can adapt to different spatial 
constraints to perform the same intracellular function in tissues with different shape. To this 
end, I studied actin-dependent force generation during apical nuclear migration in zebrafish 
neuroepithelia. To introduce the problem that I aimed to study and the system that I use, I will 
first give an overview of the cytoskeleton and its functions in tissue and cell shape 
morphogenesis, as well as transport of intracellular components. Next, I will introduce 
pseudostratified epithelial tissues and the pattern of movements their nuclei undergo. Finally, 
I will talk about the mechanisms of apical nuclear migration in different model systems and 
zebrafish in particular. 
 
1.1. The cytoskeleton is a versatile tool to perform a variety of 
cellular functions 
1.1.1. Introduction to microtubules and actomyosin 
The cytoskeleton is a system of protein filaments (microtubules, actin, and 
intermediate filaments) that are responsible for the spatial organization and mechanical 
properties of cells. In the context of nuclear positioning and establishment of cell and tissue 
shape, major roles play actin and microtubules. The structure and regulation of these 
cytoskeletal elements will be presented in more detail in the current chapter. 
 
1.1.1.a. Structure and regulation of microtubules  
Microtubules are polymers of the protein tubulin. Tubulin is a heterodimer formed of 
two globular proteins (α- and β-tubulin). Tubulin heterodimers interact head-to-tails to form 
protofilaments and 13 protofilaments form the hollow cylindrical structure that is the 
microtubule. Compared to actin filaments, microtubules are much more rigid and can sustain 
higher compression forces. Just like actin, microtubules are also able to self-assemble but 
the release of tubulin-bound triphosphate is required to accelerate the process (Shelanski et 
al., 1973). Microtubules are generally nucleated from a microtubule-organizing center 
(MTOC) where γ-tubulin ring complex serves as a template for microtubule nucleation. In 
cells, microtubules can be nucleated by the centrosome, where a variety of proteins anchor 
γ-tubulin ring complexes. In microtubule asters, formed in Xenopus laevis egg extracts it has 
been demonstrated that microtubule nucleation can also be auto-catalyzed on the side of 
existing microtubules to form branches (Decker et al., 2018).  
Microtubules are regulated by a wide variety of additional microtubule-associated 
proteins (MAPs). Microtubules can be severed by proteins like katanin or stabilized by others 
like XMAP215. Furthermore, microtubules can be crosslinked or bundled (for example by tau 
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and MAP2) or linked to other cytoskeletal filaments and cellular structures. The activity and 
localization of MAPs is regulated by several protein kinases and is important for the 
dynamics and organization of microtubules in the cell. Two major classes of motor proteins 
move along microtubules to transport cargo (e.g. vesicles or even large organelles like the 
nucleus, see 1.1.3) or help microtubules organize into more complex structures like the 
mitotic spindle or the cilium. Molecular motors are machines that convert free energy, mostly 
obtained from ATP hydrolysis, into mechanical work. The two major classes of microtubule 
associated motors are kinesins and dyneins. Most kinesins move toward the plus end of 
microtubules (so generally in direction of the cell periphery), while dyneins are minus-end-
directed motors that transport cargoes to the cell center, where the minus end of the 
microtubules is anchored at the centrosome. Microtubules and associated motor proteins 
transport membrane vesicles in the endocytic and secretory pathways and position 
membrane-enclosed organelles (such as the endoplasmic reticulum, Golgi apparatus, 
lysosomes, mitochondria, and the nucleus) within the cell. 
 
1.1.1.b. Structure and regulation of actin and myosin 
 
Actin 
Actin is a conserved protein, consisting of globular monomers (G-actin) that are 
associated with a molecule of ATP or ADP. Actin monomers can self-organize and assemble 
head-to-tail in a helical filament, called filamentous or F-actin. Actin filaments are asymmetric 
and have two structurally different ends: a faster-growing (plus or barbed) end and a slower-
growing (minus or pointed) end (Figure 1A). Although self-assembly is spontaneous (Pollard, 
1986), the nucleation of actin filaments is the rate-limiting step in new filament formation. In 
cells, special proteins accelerate nucleation, thus ensuring the process is fast and the 
location where new actin filaments are generated is controlled (rev. in (Vignaud et al., 2012). 
In most cells, capping proteins are bound to the barbed ends of existing actin filaments to 
restrict filament growth (Pollard, 2007). This restriction can be overcome by the activity of 
nucleation or severing factors that create new barbed ends, or elongation factors that 
compete with capping proteins and allow monomer addition once they bind to an existing 
barbed end. The activity and localization of capping, severing, nucleation, and elongation 
factors is tightly regulated and is the first step in defining the architecture of actin networks 
and their functioning. The most common and widely studied regulators of actin filament 
nucleation are the Arp2/3 complex and formins (rev. in (Chesarone and Goode, 2009; 
Pollard, 2007).  
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Figure 1: Dynamics and nucleation of actin filaments. 
A) A) Actin filaments can grow spontaneously and their dynamics are regulated by capping, 
severing, nucleation, and elongation factors. (adapted from (Nurnberg et al., 2011) with 
permission) 
B) B) The Arp2/3 complex is activated by N-WASP and nucleates branched actin filaments. 
C) C) Formins promote the nucleation and elongation of linear actin filaments. (B) and C) adapted 
from (Ireton, 2013) with permission).  
 
Arp2/3  
The Arp2/3 complex is a protein complex that includes two actin-related proteins 
(ARPs) and works by attaching to the side of an existing filament where it nucleates a new 
minus end. The new filament can then grow by addition of monomers to the plus end until it 
gets capped. The complex remains attached to both the existing and new filament and thus 
gives rise to a branched actin network (Figure 1B). Its action can be combined with the action 
of factors that promote debranching and filament disassembly (like ADF/ cofilin, Aip1, and 
coronin) to promote rapid treadmilling of the branched filament network. Such networks can 
generate protrusive forces by creating a front of growing barbed ends that can rectify 
fluctuations in the plasma membrane or intracellular obstacles (e.g. vesicles or pathogens) 
(Mogilner and Oster, 2003; Peskin et al., 1993; Shaevitz and Fletcher, 2007). Arp2/3 activity 
is used to assemble actin structures such as lamellipodia, focal adhesions, yeast endocytic 
patches, and Listeria comet tails. Arp2/3 activity is tightly controlled and requires the activity 
of nucleation promoting factors of the families WASP and WAVE/ SCAR. They have two 
important roles for actin nucleation. Their binding triggers conformational changes that bring 
the Arp2 and Arp3 subunits closer to one another to possibly mimic an actin dimer and they 
recruit the first actin monomers to the growing filament (an important step, because Arp2/3 
has low affinity for actin monomers) (rev. in (Chesarone and Goode, 2009). WASP and 
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WAVE are activated locally by phosphorylation and binding of small Rho family GTPases 
and phosphoinositides (Stradal and Scita, 2006). Arp2/3 localization can also be controlled, 
for example by binding to cadherins (Kovacs et al., 2002). All these possible points of 
regulation allow for precise spatio-temporal control over the formation of new branched 
networks and the formation of pools of actin with specific functions. Confined Arp2/3 
activation close to the plasma membrane ensures the generation of protrusive force that 
would closely follow the cell edge during lamellipodia formation or in the propulsion of 
intracellular vesicles. On the other hand, in non-motile cells the confined activity of Arp2/3 at 
the membrane can ensure the formation of actin patches that facilitate the recruitment of 
signaling molecules, adhesion proteins, myosin II or to stabilize cell-cell or cell-matrix 
junctions (Lecuit et al., 2011). F-actin patches nucleated on chromatin by the Arp2/3 complex 
were shown to sterically block premature microtubule–kinetochore attachments in starfish 
oocytes to prevent chromosome loss (Burdyniuk et al., 2018). 
 
Formins 
Formins are a family of dimeric proteins that share highly conserved formin homology 
(FH1 and FH2) domains (Chalkia et al., 2008). Formins promote nucleation and elongation of 
straight, unbranched filaments that can further be crosslinked by other proteins to form 
bundles (Figure 1C). Each formin monomer has a binding site for monomeric actin, and 
formin dimers appear to promote polymerization by bringing two monomers together. After 
nucleation, formins remain associated with the growing plus end of actin filaments and 
cooperate with profilin to promote addition of new monomers. The regulation of formin 
activity is brought about by different regulatory domains that are not present in all formins. 
Despite the existence of common domains, formins are a diverse group of proteins and the 
regulation of their activity varies in members of the family containing different regulatory 
domains. The regulation of Diaphanous-related formins (DRFs) has been studied most 
extensively. In their inactive, folded configuration the N- and C-terminal domains of DRFs are 
associated. Active Rho-GTPase is involved in relieving this inhibition by binding the N-
terminal GTP-binging domain to promote unfolding and activation of the catalytic C-terminal 
domain (Li and Higgs, 2003). The localization of formins is also controlled to ensure actin 
assembly in correct positions. To promote assembly of different actin structures in fission 
yeast (contractile ring, cytoplasmic cables to direct protein traffic, and mating structures) 
different formins (Cdc12p, For3p, and Fus1p respectively) are localized differently (rev. in 
(Lecuit et al., 2011). Formins can be recruited to the leading edge of motile cells (Brandt et 
al., 2007; Gupton et al., 2007) or to cadherin-based adhesion junctions where formin-
mediated actin assembly promotes their maturation (Homem and Peifer, 2008; Kobielak et 
al., 2004). The combination of activation and local recruitment ensures stringent spatial and 
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temporal control over these nucleation events. Examples of actin structures, dependent on 
formin activity, are filopodia, the cytokinetic contractile ring (Watanabe et al., 2008), stress 
fibers (Watanabe et al., 1999), circumapical filament bundles (Homem and Peifer, 2008), 
structures with protrusive activity in mouse oocytes (Li et al., 2008; Yi et al., 2013), and more 
loosely organized networks that mediate contractility and flow in mouse oocytes and early 
embryos (Schuh and Ellenberg, 2008).  
 
Myosin 
The forces produced by the actin networks are regulated not only by control over the 
assembly and architecture of actin filament arrays, but also by regulating the activity of 
myosin II motor proteins. Myosin motors can cross-link (Murrell and Gardel, 2012; Thoresen 
et al., 2011; Thoresen et al., 2013) or slide the actin filaments with respect to one another. 
Myosin II is an elongated protein consisting of two heavy chains, two essential light chains, 
and two myosin regulatory light chains (MRLCs) (Sellers et al., 2003) (Figure 2A). The heavy 
chain has a C-terminal α-helical tail domain that mediates dimerization of the heavy chains to 
form the myosin homodimer. Homodimers further self-assemble into bipolar thick filaments 
that are the fundamental units of contractile force generation in non-muscle cells. The N-
terminal head domains couple ATP hydrolysis to filament binding, conformation change 
which slides the bound filament (power stroke), and filament release (Figure 2B).  
 
 
Figure 2: Myosin structure and power stroke. 
A) Myosin motors consist of two heavy chains, two essential light chains (ELCs), and two 
regulatory light chains (RLCs). After activation myosin motors assemble into thick filaments that 
can slide actin filaments with respect to one another. (adapted from (Vicente-Manzanares et al., 
2009) with permission) 
B) While myosin is bound to phosphate and ADP, it remains tightly attached to actin. Phosphate 
release results in a conformational change in the molecule that pulls against the bound actin 
filament and physically displaces it with respect to the thick myosin filament, a process termed 
power stroke. The binding of a new ATP molecule leads to a conformational change and the 
myosin motor releases the actin filament. ATP hydrolysis leads to binding to actin at a new 
location and the beginning of a new cycle of action. (adapted from MBInfo © 2018 National 
University of Singapore) 
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Although these general principles are conserved, a comparative study of different 
vertebrate isoforms of non-muscle myosin II reveal that they display differences in the 
localization and functions they perform. Another level of regulation of myosin activity is by 
phosphorylation of two conserved residues (Ser19 and Thr18) in MRLC. These residues are 
targeted by numerous kinases that are part of different regulatory pathways. Some of these 
kinases are myosin light chain kinase (MLCK), Rho-kinase, citron kinase, myotonia 
dystrophy-related Cdc-42 binding kinase (MRCK) (Leung et al., 1998; Matsumura, 2005). 
The inactive myosin II homodimer was shown to adopt a folded conformation that prevents 
actin binding and thick filament assembly (Jung et al., 2008). MRLC phosphorylation 
promotes unfolding of the myosin homodimer. Furthermore, inhibition of myosin 
phosphatases (notably by Rho-kinase) can further enhance myosin activation. Besides the 
light chains, heavy chains can also be phosphorylated by myosin heavy chain kinase 
(MHCK), casein kinase II (CKII), and protein kinase C (PKC). Heavy chain phosphorylation 
prevents the assembly of thick filaments (rev. in (Vicente-Manzanares et al., 2009).  
 
Regulation of actomyosin by small GTPases 
The master regulators of actin network assembly and contractility are small GTPases 
of the Rho family (Rho, Rac, and Cdc42). Small GTPases cycle between active (GTP-bound) 
and inactive (GDP-bound) state. The cycling of Rho GTPases between these two states is 
regulated by three sets of proteins, guanine nucleotide-exchange factors (GEFs), GTPase-
activating proteins (GAPs) and guanine nucleotide-dissociation inhibitors (GDIs). The 
majority of Rho family GTPases undergo C-terminal post-translational modification by 
isoprenoid lipids. Together with other post-translational modifications or C-terminal 
sequences, isoprenoid addition determines their subcellular location and association with 
specific membranes, which is crucial for their activation only at specific locations and 
performance of their functions (rev. in (Wennerberg and Der, 2004). Rho proteins interact 
with and activate downstream effector proteins when bound to GTP. Among their effectors 
are kinases that regulate myosin activity, actin nucleation factors and their regulators, as well 
as proteins that crosslink the cytoskeleton and the plasma membrane (like ERM-family 
proteins). Small GTPases regulate a variety of processes, including actin dynamics, 
morphogenesis, migration, cell division and adhesion, vesicle transport, microtubule 
dynamics, cell-cycle progression, gene expression, and differentiation. Although Rho, Cdc42, 
and Rac all promote actin cytoskeleton reorganization, they have distinct effects on cell 
shape and movement (Hall, 1998; Schmitz et al., 2000). RhoA promotes actomyosin 
contractility and the formation of stress fibers and focal adhesions, regulating cell shape, 
attachment and motility. Rac1 promotes actin polymerization and the formation of 
lamellipodia at the leading edge of migrating cells. Cdc42 causes formation of filopodia, 
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which are thin, finger-like cytoplasmic extensions that contain tight actin bundles and might 
be involved in the recognition of the extracellular environment.  
 
1.1.2. Functions of the cytoskeleton 
The regulation of actomyosin and microtubules in space and time is of critical 
importance for the correct performance of their functions at different scales, from tissue 
formation to cell morphogenesis to intracellular processes. It is extensively studied how the 
intracellular regulation of cytoskeletal elements can influence cell shape and consecutively 
tissue morphogenesis, as well as how actin and microtubules are used for intracellular 
transport. What remains unclear, however, is how the cytoskeleton is able to adapt to 
different geometries and combine these functions at distinct scales. Furthermore, it is 
unknown if the formation of structures with distinct tissue shape could influence the way 
intracellular cytoskeleton-dependent processes occur. Before addressing these questions, 
the diverse roles of the cytoskeleton in tissue and cell morphogenesis, as well as intracellular 
transport, will be discussed in this chapter in more details.  
 
1.1.2.a. Adhesion of cells in a tissue 
Adhesions between cells enable them to act in a coordinated manner and to generate 
tissues with different shapes. The cytoskeleton is an active participant in the generation of 
cell-cell and cell-matrix contacts, and at the same time it receives feedback from them. 
Attachments to other cells and the matrix control the orientation and behavior of the cell’s 
cytoskeleton and allows them to respond to changes in the mechanical properties of their 
environment. It is, thus, important to understand how cells are connected between each 
other and with their environment in order to understand how tissue architecture could 
influence the intracellular processes in which the cytoskeleton is involved. 
The cytoskeletal machineries involved in cell-cell and cell-matrix contacts have been 
studied extensively in epithelial tissues. Epithelia are a widespread tissue type that can be 
found in all metazoans. In the adult organism they typically line different body compartments 
and serve as selective permeability barriers between the external medium and the tissues 
that lie underneath them. In development, epithelial tissues serve as precursors to different 
organs, for example the central nervous system, the epidermis, and the organs of the gut. 
Despite their great structural variety, all epithelial tissues have similar organization 
consisting of sheets of cells with apico-basal polarity. Cells have a free apical surface and 
their lateral sides are attached to one another by cell-cell junctions. Basally, cells are 
connected to the basal lamina (basement membrane) through cell-matrix junctions. The 
basal lamina is a specialized type of extracellular-matrix (ECM) that is localized beneath 
epithelial sheets and enables the synchronized and coordinated response of cells in the 
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tissue to signals. The basal lamina consists of proteins such as laminin, nidogen, perlecan 
and type IV collagen (Jayadev and Sherwood, 2017; Yurchenco, 2011) and serves as the 
initial cue to establish apico-basal polarity in many systems (Morrissey and Sherwood, 2015). 
Cell polarity is also reflected at the level of distribution of organelles and intracellular 
structures. In the majority of epithelia, the centrosome is localized apically, where it anchors 
the primary cilium which serves as a signaling hub during interphase (Chen et al., 1998; 
Miyata, 2008; Musch, 2004; Rodriguez-Boulan and Macara, 2014) and organizes apico-basal 
microtubule arrays (Tang and Marshall, 2012). Cell polarity plays a crucial role in specialized 
epithelial functions like absorption and secretion, while during morphogenesis it is important 
for the polarized recruitment of machineries that convey adhesion and contractility, playing a 
crucial role for the shaping of the tissue. 
The direct coupling of cells in the sheet through cell-cell contacts enables the 
coordination of the intracellular force-generating mechanisms across cells to give rise to 
tissue-scale organization. In vertebrate epithelia, close to the apical side adjacent cells are 
attached via tight junctions. Tight junctions serve to seal adjacent cells and prevent the free 
passing of molecules within the epithelial sheet. The main components of tight junctions are 
claudin proteins that form a branching network of strands completely encircling the apical 
ends of all epithelial cells. Claudins are transmembrane proteins and in the areas where the 
claudin strands are present the membranes of the adjacent epithelial cells are tightly 
apposed. Additional proteins involved in the formation of tight junctions are occludin (that is 
important for limiting junctional permeability), tricellulin (that seals the epithelial sheets at 
tricellular junctions) and scaffold proteins like ZO-1, -2, and -3 that can mediate interaction 
between claudins and occludins or the actin cytoskeleton. 
Just basally to the tight junctions lie adherens junctions that link the actin 
cytoskeletons of adjacent cells and stabilize cell shape by maintaining contacts with adjacent 
cells (Harris and Tepass, 2010). Adherens junctions are cell-cell junctions mediated by 
cadherins. Cadherins are transmembrane Ca2+-dependent proteins that mediate homophilic 
interaction with the same or closely related subtypes of cadherins on the surface of adjacent 
cells. Cadherins are linked to the cytoskeleton indirectly through interactions with catenin 
proteins. Mature adherens junctions are large protein complexes where hundreds to 
thousands of cadherin molecules form arrays that interact with the arrays of cadherin 
molecules on the surface of adjacent cells. The adherens junctions of epithelial cells form a 
continuous apical belt (zonula adherens). On the intracellular side of the membrane 
cadherins interact with a complex network of catenins, actomyosin regulators, and the actin 
cytoskeleton. On the intracellular side, tethered to the cadherins and the adaptor proteins in 
the complex, contractile actomyosin bundles can contract in a coordinated manner in 
adjacent cells. Thus, these large complexes are involved in force transmission and 
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maintaining the force balance between cells. Adherens junctions are essential for tissue 
remodelling during development because they enable coordinated actomyosin contraction 
within the epithelial sheet and in this way enable epithelial folding during morphogenesis. 
Another type of epithelial junctions that link the cytoskeletons of adjacent cells are 
desmosomes. Desmosomes consist of specialized cadherins that link to intermediate 
filaments through specialized catenin-related adaptor proteins. Desmosomes are present in 
most mature vertebrate epithelia and generally provide mechanical strength to the epithelial 
sheet.  
Just as cell-cell junctions, cell-matrix junctions can also link the actin cytoskeleton 
(actin-linked cell-matrix junctions) or intermediate filaments (hemidesmosomes) to the 
underlying ECM. These interactions are mediated by members of the integrin protein 
superfamily through a variety of adaptor proteins like talin, vinculin, and paxillin. Cell-matrix 
adhesions can also respond to mechanical forces by recruitment of additional actin filaments 
and strengthening of the cell-matrix junctions.  
 
1.1.2.b. The cytoskeleton and tissue shape 
Organisms, organs, and the tissues they consist of have a variety of complex 3D 
shapes that emerge in a process, termed morphogenesis (the generation of shape). Tissue 
shapes arise from the coordinated behaviors of cells within the tissues. These behaviors are 
controlled genetically but are ultimately powered by changes in the contractile actomyosin 
system (rev. in (Gilmour et al., 2017). The initial step in morphogenesis is the subdivision of 
the embryo into discrete regions by morphogens. Morphogens are usually secreted signaling 
molecules that create long-range concentration gradients or act as short-range signaling 
molecules to specify cell fates in a concentration-dependent manner. Morphogens determine 
tissue shape by controlling regulatory cascades that in turn regulate gene-regulatory 
networks in discrete patterns across the embryo and developing organs. Once activated at 
certain locations, gene-regulatory networks determine the fate of cells residing in their 
domains of activity by the activation of transcription factors at a precise time and location. 
Transcription factors in turn act by activating or repressing the expression of proteins that 
regulate the activity of the cellular machinery that directly affects cell shape. Cell shape, 
consequently, controls tissue shape. The cellular machinery involved in cell and tissue shape 
generation consists of the contractile actomyosin system that generates forces to trigger 
shape changes, cell-cell contacts that transmit these forces in the tissue, and polarity 
complexes that provide positional information and define the different domains within the 
individual cells. The regulation of these effectors usually occurs through their recruitment to 
specific subcellular locations at a specific time. This results in changes in cell behavior that 
can be separated in several categories: changes in cell-cell adhesion, cell migration, cell 
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rearrangements, or cell shape changes. Together, these coordinated behaviors shape 
tissues.  
An example of how tissue shapes arise from cell behaviors powered by actomyosin 
contractility is epithelial bending that occurs during development. Epithelial bending is a 
process in which a flat epithelial sheet can acquire complex 3D shape (a fold, a pit, a 
hemisphere, or a tube) through coordinated action of many cells by changing the length of 
one of their surfaces (apical or basal) without changing the other (rev. in (Pearl et al., 2017)). 
Epithelial bending can be directed inward (invagination) or outward (evagination) and can be 
driven by diverse cellular behaviors, including apical constriction, basal relaxation, basal 
wedging, basal constriction, and others.  
 
Figure 3: Basal constriction of epithelial sheets during CNS development. 
A) During the formation of the MHBC, neuroepithelial cells undergo apico-basal shortening and 
basal cell process constriction. (adapted from (Gutzman et al., 2008) with permission) 
B) Optic cup morphogenesis in the zebrafish is driven by basal cell process constriction (brown 
cell) and collective cell migration (blue cell).  
C) Retinal neuroepithelial cell that undergoes basal constriction to aid optic cup morphogenesis. 
D) Cells migrating over the rim of the optic cup during rim involution. (B), C), and D) adapted from 
(Sidhaye and Norden, 2017) with permission) 
 
Basal constriction of epithelial sheets is a conserved morphogenetic process. It has 
been observed in notochord cell elongation in Ciona (Dong et al., 2011) and in egg chamber 
elongation in Drosophila (He et al., 2010). Importantly, basal constriction is also involved in 
the formation of structures of the developing central nervous system in vertebrates. During 
intense proliferation these structures transiently have pseudostratified epithelial architecture 
(explained in detail in 1.2.3.a) and later cells differentiate into neurons that get ordered in 
different layers. Such structures are the midbrain-hindbrain boundary constriction (MHBC) 
(Gutzman et al., 2008) and the optic cup of medaka (Bogdanovic et al., 2012) and zebrafish 
(Martinez-Morales et al., 2009; Nicolas-Perez et al., 2016; Sidhaye and Norden, 2017). 
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During the formation of the MHBC, neuroepithelial cells first undergo apico-basal shortening 
and later the basal cell processes of a small group of cells constrict (Figure 3A). Basal 
constriction is laminin-dependent (Gutzman et al., 2008) and is coordinated with apical 
domain expansion. Basal constriction in the zebrafish retina was also shown to be a laminin-
dependent process that occurs through shrinkage of the basal cell footprint due to the 
presence of a basal contractile actomyosin pool. In the retina, basal constriction only is not 
enough to form the optic cup (Figure 3B, C). To efficiently invaginate the retinal 
neuroepithelium, it needs to be complemented by collective cell migration, termed rim 
involution, in which proximally located cells move into the distal, invaginating neuroepithelium 
along the rim of the cup (Figure 3D). These cells contribute to invagination through basal 
actomyosin contractility and tissue compaction that are crucial for efficient and timely optic 
cup morphogenesis (Sidhaye and Norden, 2017). Localized changes in actomyosin 
contractility are often controlled by cell-extrinsic signals, such as interactions with the ECM. It 
has been shown that the presence of laminin in the basement membrane is crucial during 
zebrafish optic cup (Sidhaye and Norden, 2017) and MHBC (Gutzman et al., 2008) 
morphogenesis.  
The morphogenetic processes in different areas of the developing zebrafish central 
nervous system have been studied extensively. In 1.2.3.a it will be discussed that these 
morphogenetic processes, driven by the cytoskeleton, give rise to a variety of shapes within 
the same tissue. This makes the developing zebrafish neuroepithelia a model system, 
uniquely suited to compare how different tissue geometries can affect intracellular processes, 
dependent on the cytoskeleton. 
 
1.1.2.c. The cytoskeleton and cell shape 
 
Microtubules 
Microtubules are involved in cell shape sensing and positioning of subcellular 
structures with respect to the cell borders. The microtubule aster, radiating from the 
centrosomes can serve as “geometrical ruler” to target the geometrical center of the cell (rev. 
in (Haupt and Minc, 2018). At the same time, microtubules in the aster can exert forces to 
position the centrosome and the nucleus in the cell center (Reinsch and Gonczy, 1998; Wuhr 
et al., 2009). It is considered that cell shape sensing and aster centration are based on 
microtubule-mediated pushing forces, exerted by the dynamic microtubule ends on the cell 
surface. These forces scale, depending on the length of the microtubules. If the centrosome 
is brought closer to the cell cortex, the forces exerted by the microtubules would be greater 
and they would push the centrosome back to the cell center. Such mechanisms of cell shape 
sensing are important for the correct positioning of the division plane along the long axis of 
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elongated cells, for example the one-cell stage C. elegans embryos (Howard and Garzon-
Coral, 2017). Highly differentiated cells with more complex morphologies, such as epithelial 
cells, need to use additional mechanisms to create an internal coordinate system. Epithelial 
cell-cell junctions are highly polarized and can provide such coordinate system. As already 
mentioned, in epithelial cells the centrosome is located near the apical plasma membrane. 
From this asymmetric location the microtubules expand along the apico-basal axis with their 
plus ends directed towards the basal surface.  
 
Actomyosin 
Animal cell shape is controlled by the balance between the mechanical stresses and 
tension at the cell surface and the intracellular osmotic pressure. Cell surface mechanics are 
controlled mainly by the plasma membrane and the actomyosin cortex (rev. in (Clark et al., 
2014) (Figure 4A). The cell cortex is a thin network of actin filaments, myosin motors, and 
actin-binding proteins, attached to the plasma membrane via additional components (e.g. 
ERM family proteins) (rev. in (Salbreux et al., 2012). The cortex is under contractile stress 
generated by active myosin motors and results in excess hydrostatic pressure in the cell that 
balances the difference in osmotic pressure between the cytoplasm and the extracellular 
environment. Local changes in the tension of the actomyosin cortex are responsible for most 
cell shape changes (for example, during apical or basal constriction of epithelial cells, 
cytokinetic furrow ingression, mitotic cell rounding, cell body retraction during migration) 
(Figure 4B). These local changes are typically triggered by locally increased myosin activity, 
controlled by localized activation of GTPases and their effectors. Rho GTPases play an 
important role in promoting the growth of actin networks by activating nucleation factors like 
formins or Arp2/3 and at the same time increasing network contractility by activating myosin 
(Heasman and Ridley, 2008). Fine tuning the transmission of contractile forces is determined 
by the architecture of the actin network, including the length of the filaments and the amount 
of crosslinking proteins. An example of how actin filament length can affect the cell cortex 
tension can be found in mitotic mammalian cells. There, actin filament length increase or 
decrease can respectively increase or decrease mitotic cortex thickness (Chugh et al., 2017). 
Changes in cortex thickness on the other hand (interestingly, both increase and decrease), 
were shown to decrease mitotic cell surface tension (Chugh et al., 2017). Furthermore, a 
minimum amount of crosslinking was shown to be necessary in vitro to facilitate myosin-
mediated contractility at large length scales (Murrell and Gardel, 2012). Beside crosslinking 
by proteins like filamin A, α-actinin, or fascin, myosin filaments themselves can also function 
as crosslinkers (Murrell and Gardel, 2012; Thoresen et al., 2011; Thoresen et al., 2013) 
(Figure 4C).  
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Figure 4: Animal cell shape morphogenesis. 
A) Cell shape is controlled by the balance between tension of the plasma membrane (gray) and 
the cell cortex (myosin, red and actin, green) and the intracellular osmotic pressure. 
B) Local changes in the tension of the actomyosin cortex can lead to cell shape changes due to 
increased hydrostatic pressure in the cell.  
C) Factors that determine cortical tension. (figure adapted from (Salbreux et al., 2012) with 
permission) 
 
 
In addition to changes in cell cortex contractility, changes in cell shape also require 
modulation of the shape and the surface area of the cell membrane. Plasma membrane 
tension can be buffered by the presence of folds in the plasma membrane like caveolae, 
microvilli, endocytic vesicles, and blebs, that can release or store lipids when the surface 
area needs to be expanded or reduced respectively. In addition, the presence of different 
trans-membrane or membrane-associated proteins distributed differently in different areas of 
the membrane can cause gradients in membrane surface tension or induce spontaneous 
membrane curvature. The cytoskeleton also plays a role in controlling membrane tension as 
it is involved in the trafficking machinery of endo- and exocytosis that deliver membranes and 
proteins to specific cellular locations. The cytoskeleton further controls the expansion of cell 
protrusions like filopodia, lamellipodia, or microvilli that depends on forces generated by 
localized actin polymerization (Heasman and Ridley, 2008). Furthermore, the crosslinking of 
transmembrane proteins with the actin cortex can also affect plasma membrane tension 
(Clark et al., 2014). Points where actin networks are tightly coupled to the plasma membrane 
are, for example, adhesion junctions. The actin networks associated with adhesion junctions 
resist increases in cortical tension and stabilize cell shape. Conversely, activation of 
actomyosin contractility at specific cell-cell contacts can modulate cell shape (Harris and 
Tepass, 2010). Constricting the network associated with all epithelial adherens junctions can 
drive apical constriction while constricting specific cell-cell contacts can aid cell intercalation.  
Interestingly, links to the extracellular environment, such as adherens junctions, focal 
adhesions, and spatial constraints from surrounding cells, lumens, and tissues can influence 
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the dynamics and architecture of the contractile actin networks inside the cells by acting as 
spatial boundary conditions that locally affect the self-organization of the actin network. The 
effect of such boundary conditions on cytoskeletal dynamics was shown for example in the 
retrograde flow of actin filaments in lamellipodia. In migrating cells, the leading edge is linked 
to the ECM through focal adhesions and actin undergoes retrograde flow with higher rate in 
lamellipodium and lower rate in the lamella. The formation of new focal adhesions slows 
down the retrograde flow, transforming the portion of the lamellipodium where focal 
adhesions were formed into lamellum (Alexandrova et al., 2008). Similarly, during cell shape 
changes, cell contacts and the actin network associated with them, need to be reorganized. 
For example, during zebrafish gastrulation cell sorting is triggered by differences in the ability 
of cells to modulate cortex tension.  The formation of new cell-cell contacts mechanically 
couples the cortices of adhering cells. Once this happens, cell cortices can undergo changes 
that modulate the interfacial tension at the contact and this enables contact expansion 
(Maitre et al., 2012). In other words, changes in the way a cell interacts with the environment 
are translated into reorganization of the actin network (Chalut and Paluch, 2016). The 
opposite is also true, changes in the internal organization of the cytoskeleton can lead to 
changes in the contacts with what is outside the cell. For example, slowdown of actin 
turnover inside cell doublets was shown to induce the increase of cadherin recruitment at the 
membrane interface (Engl et al., 2014). These studies show that the interactions of cells with 
adjacent cells and the ECM are controlled by crosstalk between intracellular actin 
organization, dynamics, and contractility, as well as contacts with cadherins and integrins. At 
the same time, the cytoskeleton is responsible for a myriad of functions inside the cell, 
including intracellular transport, regulation of gene expression, cell cycle progression, and 
specialized functions in differentiated cells. This raises the possibility that the organization of 
the actomyosin cytoskeleton establishes the connection between a cell’s shape and its 
function, as has been suggested in (Chalut and Paluch, 2016).  
 
1.1.3. The cytoskeleton and intracellular transport 
The functioning of eukaryotic cells is only possible due to the variety of mechanisms 
of intracellular transport that exist between the different subcellular compartments. The 
cytoskeleton is actively involved in the transport of molecules, vesicles, and the positioning of 
organelles at specific locations inside the cell. Examples of the importance of cytoskeleton-
dependent intracellular transport can be found at all scales and in a variety of cell types. At 
the level of protein transport, a classical example is the establishment of the anterior-
posterior polarity in the one-cell C. elegans embryo (Figure 5A). At one pole of the embryo, 
the sperm pronucleus and its associated centrosome are positioned close to the cell cortex. 
In the opposite pole, actomyosin activity is increased leading to the generation of 
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anisotropies in cortical tension. The anisotropies promote cortical flows in direction of the 
pole. The “anterior” PARs (PAR-3, -6, and PKC-3) are associated with the cortex and cortical 
flows concentrate them in the future anterior portion of the cell (Mayer et al., 2010; Munro et 
al., 2004) while they remain depleted from the posterior. The asymmetry in the distribution of 
PAR proteins, achieved by the generated cortical flows, is essential for the first asymmetric 
cell division of the embryo and establishing its anterior-posterior body axis. 
 
 
Figure 5: The cytoskeleton can transport cargoes using a variety of mechanisms. 
A) Transport of the “anterior” PAR proteins by cortical flows in the C. elegans embryo. (adapted 
from (Munro et al., 2004) with permission) 
B) Myosin and microtubule motors transport vesicles and other cargoes in neurons. (adapted 
from (Hirokawa et al., 2010) with permission) 
C) Actin network pushes the chromosome to the periphery of mouse oocytes in meiosis I. 
(adapted from (Yi et al., 2013) with permission) 
 
Larger cargoes like vesicles, on the other hand, are distributed within cells by motor 
proteins, moving along microtubules (typically used for more long-range transport) or actin 
filaments (for shorter range transport) (rev. in (Barlan et al., 2013). Typical example of vesicle 
trafficking can be found in neurons (Figure 5B). Neurons have a highly polarized structure, 
composed of dendrites, cell body, and axon. Most of the proteins necessary for the axon and 
the synaptic terminals are produced in the cell body, wrapped in vesicles and transported to 
their final destinations. Cargoes include synaptic vesicle precursors, neurotransmitter and 
neurotrophic factor receptors, and mRNAs. In presynaptic terminals and postsynaptic spines, 
the major trafficking occurs via transport of vesicles by myosin motors along actin filaments. 
In the axon and dendrites, anterograde (from the cell body to the cell periphery) and 
retrograde (from cell periphery to cell body) transport occurs on microtubule tracks via motor 
proteins of the kinesin and the dynein superfamily (rev. in (Hirokawa et al., 2010). Vesicles 
are transported by direct attachment of the cargo to the motor proteins that then pull them 
along their respective cytoskeleton tracks. Often, cargoes are attached to multiple motors of 
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the same or different classes. The use of two distinct types of transport networks makes the 
process both efficient and very precise. 
For transporting bulkier cargoes, the cytoskeleton can form specialized structures. An 
example of such bulkier cargo is the entire set of chromosomes in meiosis. Polar body 
extrusion during meiosis is critically dependent on asymmetric positioning of the meiotic 
spindle from the oocyte interior to a subcortical location. At the onset of meiosis, a 3D 
network of cytoplasmic actin collects the chromosomes scattered in the large starfish oocyte 
after nuclear envelope breakdown (NEBD) and transports them to the forming microtubule 
spindle (Lenart et al., 2005). The network mediates long-range and size-selective transport of 
chromosomes to the cell periphery as it contracts isotropically (Mori et al., 2011). This 
process is essential to prevent the formation of aneuploid eggs (Mori et al., 2011). 
Interestingly, contraction in this example is not driven by myosin activity, but most likely by 
the disassembly of actin filaments (Bun et al., 2018). In the mouse oocytes actin positions 
the chromosomes during meiosis I in a distinct manner. In the first phase of this movement, 
Fmn2 is recruited to endoplasmic reticulum structures surrounding the spindle, where it 
nucleates actin filaments that generate pushing forces to drive slow and poorly directed 
motion of the spindle away from the cell center (Li et al., 2008; Yi et al., 2013) (Figure 5C). A 
fast and highly directed second migration phase was driven by actin-mediated cytoplasmic 
streaming triggered by Arp2/3 actin nucleation (Yi et al., 2013). As an alternative mechanism, 
it was suggested that myosin contractility, and not actin network expansion, is the driver of 
chromosome movement in this system (Schuh and Ellenberg, 2008). It cannot be excluded 
that myosin contractility and pushing by an expanding actin network cooperate in the 
transport of chromosomes in the mouse oocyte. 
Another intriguing example of intracellular transport is the positioning of the nucleus, 
the bulkiest organelle in the cell, that will be discussed in detail in the next chapter of this 
thesis. 
 
1.2. The cytoskeleton in nuclear positioning 
Nuclear position can vary dramatically in cells of different type, cell cycle phase, 
migratory state or stage of differentiation and can serve distinct functions. Positioning of the 
nucleus at specific location inside the cell is important for its correct functioning in diverse 
contexts, from mitosis in fission yeast, through dermal differentiation in nematodes, to muscle 
and neuronal development in vertebrates (see 1.2.2 for more examples). The nucleus can 
actively be positioned at specific locations inside the cells by regulated cytoskeletal systems 
that exert forces on the organelle, primarily through connections to the nuclear envelope (rev. 
in (Gundersen and Worman, 2013). 
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1.2.1. The nucleus can be coupled to the cytoskeleton 
The cytoskeleton and the nucleus need to be structurally connected for the 
cytoskeleton to be able to move the organelle to its destination. The nuclear envelope can be 
coupled to the cytoskeleton through nuclear pore complexes (NPC). This is the case in 
vertebrate cells, where cytoplasmic dynein has been shown to utilize NPC subcomplexes as 
binding partners during the G2 phase of the cell cycle. NPC-attached dynein appears to have 
dual functions. In all cells examined to date it facilitates nuclear envelope breakdown during 
mitosis (Salina et al., 2002) while in certain neuroepithelial cells NPC-associated dynein is 
required to drive the basal-to-apical movement of the nucleus prior to mitosis (Hu et al., 
2013). Alternatively, the nucleus can be connected to the cytoskeleton through the linker of 
the nucleoskeleton and cytoskeleton (LINC) complex (Crisp et al., 2006). LINC complexes 
are composed of outer nuclear membrane proteins, called KASH (klarsicht, Anc1, and Syne 
homology) and inner nuclear membrane proteins SUN (Sad1 and Unc-83). KASH and SUN 
are transmembrane proteins (Starr and Fridolfsson, 2010) found in metazoa, fungi, and 
plants (Razafsky and Hodzic, 2009; Zhou et al., 2012). KASH proteins (also termed nesprins) 
are characterized by a conserved C-terminal KASH domain, which includes the 
transmembrane segment and a segment that project into the perinuclear space between 
inner and outer nuclear membranes. SUN proteins form trimers and contain a conserved 
SUN domain located within the perinuclear space. Each SUN protein binds three KASH 
peptides. At the intranuclear side of the LINC complex, SUN proteins bind to the nuclear 
lamina (Crisp et al., 2006; Haque et al., 2006). The nuclear lamina is a dense meshwork 
under the inner nuclear membrane, mainly composed of intermediate filaments, called lamins 
(Stephens et al., 2018; Swift et al., 2013). Lamins A and C (A-type lamins) are alternative 
splice isoforms of the same gene, known to contribute to nuclear stiffness. While B-type 
lamins (encoded by two genes, B1 and B2) are ubiquitously expressed, lamin A/C is 
expressed only at low levels in embryonic stem cells and in the inner cell mass of blastocysts 
(Eckersley-Maslin et al., 2013). Lamin A/C becomes significantly upregulated during 
differentiation (Constantinescu et al., 2006; Rober et al., 1989; Stewart and Burke, 1987). 
Interestingly, it appears that the mechanical stiffness of the nucleus and its viscosity are 
dependent predominantly on A-type lamins, while B-type lamins provide elasticity to the 
nucleus and the ability to deform and go back to its original shape (Swift et al., 2013). Thus, 
cells expressing very low levels of lamins A and C such as ESCs display a high degree of 
nuclear plasticity (Lammerding et al., 2006; Pajerowski et al., 2007). In turn, cells expressing 
high levels of lamins A and C have a high nuclear stiffness, which impairs the cell’s ability to 
migrate through constraining micropores (Harada et al., 2014; Rowat et al., 2013). In 
addition, lamin A mediates the connection of SUN proteins to the lamina. In mammalian cells 
where lamin A is absent, SUN proteins still localize to the nuclear (Crisp et al., 2006; Haque 
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et al., 2006), but they and their KASH partners have increased membrane mobility. SUN1 
can also be associated with the nuclear pore complexes (Liu et al., 2007) 
The ability of LINC complexes to bind specific cytoskeletal elements is determined by 
the N-termini of KASH proteins that can vary in size (rev. in (Gundersen and Worman, 2013). 
The “giant” isoforms nesprin-1G and nesprin-2G (>800 kDa) encoded by SYNE1 and 
SYNE2, respectively, bind actin through calponin homology (CH) domains near their N 
termini. Nesprin-1 and nesprin-2 isoforms also interact with the MT motors kinesin-1 and 
dynein. Nesprin-3α, an isoform encoded by SYNE3, binds the crosslinking protein plectin, 
which in turn mediates the connection to cytoplasmic intermediate filaments. Nesprin-4 
encoded by SYNE4 associates with microtubules through kinesin-1 and is restricted in 
expression to highly secretory cells and hair cells of the cochlea. A meiosis-specific nesprin 
termed KASH5 binds the dynein regulator dynactin.  
 
1.2.2. Mechanisms of nuclear positioning by microtubules and actin 
The nucleus can be coupled to distinct cytoskeletal elements and both microtubules 
and actomyosin can adjust its position in different systems. As a consequence, the 
characteristics of different nuclear movements also vary with the mechanism that powers the 
movement (rev. in (Gundersen and Worman, 2013). The velocities of nuclear migration 
typically vary between 0.1 and 1.0 µm/min. Although nuclear movements are typically 
continuous and unidirectional, sometimes they can be bidirectional or interrupted by shorter 
or longer pauses. The variation in nuclear movements is increased further by the fact that 
one type of cytoskeletal elements can move the nucleus in distinct ways.  
Microtubules can be involved in nuclear positioning either by directly pushing or 
pulling on the organelle or by serving as tracks for the movement of motor proteins coupled 
to the nuclear envelope. Direct pushing or pulling by microtubules is powered by their 
dynamic polymerization and depolymerization and mediated by the connection of the nucleus 
with the MTOC. Pushing resulting from microtubule polymerization was shown to propel the 
nucleus from the posterior to the anterior margin of the Drosophila oocytes, in this way 
establishing the dorsal-ventral axis (Zhao et al., 2012)(Figure 6A). In Schizosaccharomyces 
pombe, interaction of growing microtubules with the cell periphery generates pushing forces 
that maintain the nucleus in the middle of the cell (Tran et al., 2001). Depolymerization of 
microtubules, resulting in the generation of pulling was suggested to be involved in moving 
the nucleus closer to the bud in budding Saccharomyces cerevisiae (Adames and Cooper, 
2000). In these cases, the forces are generated due to an interaction of the microtubules with 
cortical or cytoplasmic sites, either directly or via anchoring with dynein. In the second type of 
microtubule-driven nuclear positioning, the nucleus is pulled by motor proteins, moving along 
microtubules. The coupling between motor proteins and the nuclear envelope is mediated by 
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KASH and SUN proteins. Such mechanism of nuclear movement is used in the elongated 
hypodermal precursor cells of the C. elegans embryo where kinesin and dynein motors are 
responsible for the transport of the nucleus to one pole of the cell.  These nuclei display 
bidirectional movements during migration and are able to roll past cytoplasmic granules. It 
was suggested that kinesin-1 is responsible for the directed movement of nucleus to one 
pole, while dynein can be used to induce rolling to resolve cytoplasmic roadblocks 
(Fridolfsson and Starr, 2010). 
Interestingly, two different microtubule-dependent mechanisms can cooperate in the 
same process. Such cooperation is observed upon fertilization of the C. elegans egg when 
the male and the female pronucleus need to be brought in close proximity. After entry into 
the egg, microtubules are nucleated from the centrosome, associated with the male 
pronucleus. Male pronuclear movement to the center of the cell is powered by these growing 
microtubules that push against cortical sites and/ or sites within the cytoplasm. The female 
pronucleus is then pulled by dynein motors towards the minus end of microtubules 
emanating from the male pronuclear-centrosome complex, ensuring the two pronuclei meet 
at the cell center (Reinsch and Gonczy, 1998). 
 
 
Figure 6: Nuclear positioning by microtubules and actin. 
A) Pushing by microtubule polymerization propels the nucleus from the posterior to the anterior 
margin of the Drosophila oocytes to establishing the dorsal-ventral axis. (adapted from (Zhao et 
al., 2012) 
B) In wounded monolayers rearward movement of the nucleus is driven by a retrograde flow of 
actin cables (TAN lines) directly coupled to the nucleus through LINC complex components. 
(adapted from (Zhu et al., 2017)) 
C) In most migrating neurons nuclear movement toward the minus ends of the microtubules 
attached to the centrosome is dependent on dynein and its regulators, as well as components of 
the LINC complex. (adapted from (Bertipaglia et al., 2017)  
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Actin can also actively position nuclei inside the cells. For example, in cell polarization 
and migration the nucleus is often found at the rear of the cell (Desai et al., 2009; Dupin et 
al., 2011; Gomes et al., 2005; Luxton et al., 2010). In wounded monolayers of serum-starved 
fibroblasts treated with LPA, which stimulates cell polarization, but not protrusion or migration 
(Luxton et al., 2010), this movement is driven by dorsal actin cables. The formation of these 
cables is induced by Cdc42, they are contractile and display a rearward-movement. The 
cables are directly coupled to the nucleus by nesprin-2G and SUN2 (Gomes et al., 2005). 
These LINC complex components accumulate along the actin cables to form linear 
assemblies termed transmembrane actin-associated nuclear (TAN) lines and couple the 
retrograde actin flow to the nucleus, thus leading to its positioning at the rear of the cells 
(Figure 6B). In addition, in migrating cells cytoskeletal mechanisms could aid the passage of 
the nucleus through narrow extracellular spaces. In these cases, myosin activity was shown 
to be necessary to deform and propel the nucleus (Friedl and Alexander, 2011).  
Interestingly, microtubules and actomyosin can also cooperate to propel the nucleus 
in the same cell. After neurons are born in the neuroepithelium, they often migrate at 
significant distances to their final locations. Most migrating neurons exhibit a characteristic 
migration, consisting of two phases. Initially, their narrow leading process extends after which 
the centrosome moves forward into a swelling in the leading process followed by the nucleus 
and the rest of the soma (Tsai and Gleeson, 2005). Nuclear movement toward the minus 
ends of the microtubules attached to the centrosome is dependent on dynein and its 
regulators Lis1 and NudE, as well as components of the LINC complex (Shu et al., 2004; 
Tsai et al., 2007; Zhang et al., 2009) (Figure 6C). In addition to that, actomyosin was found to 
localize behind the nucleus where it was suggested to provide contractile forces that could 
aid nuclear propulsion in the narrow leading process (Solecki et al., 2009; Tsai et al., 2007). 
Microtubules are as well responsible for the movement of the nucleus of retinal ganglion cells 
towards the basal side of the developing zebrafish retina (Icha et al., 2016a). Interestingly, in 
rare instances or upon perturbation of microtubules, the basal cell process is retracted and 
actomyosin can act to propel the cell body in a multipolar mode of migration. This migration 
mode might be less efficient but ensures the formation of the ganglion cell layer in the retina. 
This example demonstrates that the mechanisms of force generation during nuclear 
migration can be redundant in order to ensure the robust positioning of the organelle or the 
cell within the developing tissue. 
 
 
1.2.3. Nuclear positioning in the pseudostratified epithelium  
A striking example of the robustness of nuclear positioning ensured by a variety of 
distinct mechanisms used in different model systems can be found in pseudostratified 
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epithelia (PSE). PSE are a stage in the development of many tissues in both invertebrates 
and vertebrates. Nuclear positioning in the cells of these tissues is particularly important for 
their correct development. Importantly, PSE can vary widely in shape (both thickness and 
curvature) which makes them a great model to study how tissue shape might affect the 
performance of intracellular processes by the cytoskeleton. 
 
1.2.3.a. Pseudostratified epithelia have conserved architecture but 
varied thickness and curvature 
Most epithelial tissues share the same molecular organization of cell-cell and cell-
matrix contacts but as already noted, vary in shape and function. Different epithelia are 
classified according to morphological features like the shape of the cells and the number of 
cell layers in the tissue (Figure 7A). According to cell shape, epithelia can be squamous, 
cuboidal, or columnar. Squamous epithelial cells have greater width than height, cuboidal 
cells have similar width and height, and columnar cells have greater height than width. 
According to the number of layers in the tissue, epithelia can be divided into simple, 
stratified, and pseudostratified. Simple epithelia consist of a single layer of cells while 
stratified epithelia consist of several layers of cells. Pseudostratified epithelia (PSE) are 
simple epithelia because they comprise a single layer of cells. However, because they 
consist of strongly elongated cells and their nuclei can be positioned along the whole apico-
basal axis, PSE have a layered appearance (hence the name pseudostratified). While in 
other simple epithelia nuclei are arranged in a single plane parallel to the apical and basal 
surface, pseudostratified epithelial nuclei fill the whole depth of the tissue allowing for more 
efficient packing of a greater number of cells per volume (rev. in (Lee and Norden, 2013).  
PSE are usually tissues with high proliferation rates and are a stage during the 
development of various structures in a wide variety of organisms. They are found in 
invertebrates in the embryonic ectoderm of the sea anemone Nematostella (Meyer et al., 
2011), as well as the imaginal discs (Meyer et al., 2011) and the optic lobe (Rujano et al., 
2013) of Drosophila larvae.  In vertebrates, they form the epiblast of the gastrulating embryo 
(Ichikawa et al., 2013), the liver, lung and pancreas buds, gut, nasal placode epithelia, otic 
placode/vesicle, lens placode/vesicle and the central nervous system (rev. in (Strzyz et al., 
2016). In addition to giving rise to such diverse structures, PSE themselves can have varied 
morphology. Their cell length can range from about 30 µm in short PSE like the Drosophila 
optic lobe neuroepithelium to 50 µm in intermediate PSE like zebrafish neuroepithelia 
(Norden et al., 2009) to more than 100 µm in long PSE like radial glia cells in the rodent 
cortex (Strzyz et al., 2016) (Figure 7B). Not only cell length but also the curvature of the 
tissue can vary in this tissue type. Pseudostratified epithelia can be straight (like the 
zebrafish hindbrain neuroepithelium before the opening of the brain ventricles) or curved to a 
different degree and with negative (hindbrain after the opening of the hindbrain ventricle) or 
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positive (retinal neuroepithelium) curvature. Remarkably, this variety of curvatures can often 
transform into one another or can be found within different areas of the same structure. An 
example for such structure is the developing zebrafish brain where the anterior neural tube 
undergoes a sequence of constrictions that bend the neuroepithelium and subdivide it into 
the future forebrain, midbrain, and hindbrain. Later, the brain ventricles open inside the brain 
and fill with cerebrospinal fluid, creating additional bends (Gutzman et al., 2008; Lowery and 
Sive, 2005). These morphogenetic events lead to the formation of areas with a variety of 
curvatures in the tissue, making the developing zebrafish central nervous system an 
excellent model for studies of tissue architecture and the interplay between cell shape and 
intracellular processes. 
 
Figure 7: Variability in the morphology of epithelial tissues. 
A) Types of epithelial tissues according to cell morphology and the number of cell layers. 
(adapted from (Lee and Norden, 2013) with permission) 
B) Pseudostratified epithelia can vary in cell length. (adapted from (Strzyz et al., 2016) with 
permission) 
 
1.2.3.b. Interkinetic nuclear migration (IKNM) 
An example of a complex pattern of nuclear positioning events can be found in 
pseudostratified epithelial cells. PSE are highly proliferative tissues and cellular architecture 
was proposed to contribute to their high proliferative capacity (Strzyz et al., 2016). PSE cells 
are elongated and slender and the widest part of the cell body is where the nucleus resides. 
Nuclear arrangements at several layers accommodate the packing of a greater number of 
nuclei per unit area (Lee and Norden, 2013), a feature that might underlie the ability of such 
tissues to proliferate so efficiently. Nuclei in pseudostratified epithelia can be localized all 
along the apico-basal axis of the cell. This is true for all cell cycle stages except for mitosis. 
Mitosis in pseudostratified epithelial cells always occurs on the apical side, as noted already 
in the 1930’s by F.C. Sauer (Sauer, 1935). Thus, prior to mitosis the nuclei of these cells 
move from their initial positions at different distances from the apical side, to the apical 
surface where cells round and undergo division. In G1, after apical mitosis, nuclei generally 
Introduction 
 23 
drift to more basal positions where they undergo S phase (Kosodo et al., 2011; Leung et al., 
2011; Miyata, 2008; Sauer, 1935). This dynamic behavior of pseudostratified epithelial nuclei 
changing their positions in tune with the cell cycle is termed interkinetic nuclear migration 
(IKNM). IKNM was shown to consist of passive motion during interphase (Kosodo et al., 
2011; Leung et al., 2011) and active motion, typical for nuclei in G2, the cell cycle phase that 
precedes mitosis (Hu et al., 2013; Kosodo et al., 2011; Leung et al., 2011; Strzyz et al., 
2015) (Figure 8A). Apical nuclear migration is an active directed process, powered by 
cytoskeletal elements, while the passive interphase motion was shown to be stochastic (first 
suggested by (Sauer, 1935), shown by (Kosodo et al., 2011; Leung et al., 2011; Norden et 
al., 2009). Furthermore, it was suggested that active motion in G2 underlies the passive 
motion of interphase nuclei in the crowded tissue as nuclei that move to the apical side could 
collide with and, thus, displace interphase nuclei that stand in their way (Kosodo et al., 2011; 
Leung et al., 2011; Norden et al., 2009). Only an initial directed basal drift has been observed 
at the beginning G1 (Leung et al., 2011) and it could be explained by indirect neighbor-
assisted transfer of mechanical energy from mother to daughter cells. According to a study in 
embryonic mouse cerebral wall (Shinoda et al., 2018), the increased contractility of the apical 
surface during the rounding of mitotic cells, leads to the formation of a microzone that is 
compressed and elastic. This in turn leads to lateral pushing of the dense neighboring 
processes of interphase cells. The pressed processes then recoil centripetally and basally to 
propel the nuclei of the daughter cells away from the apical surface. However, in more 
elongated epithelia, such as the rodent cortex, both basal and apical nuclear movement 
depends on active transport (Tsai et al., 2010). Bidirectional movement in this tissue is 
ensured by the action of distinct plus and minus end-directed microtubule motors, that are 
attached to the nuclear envelope. 
But why is this complex pattern of movements necessary? It was suggested that the 
nucleus needs to reach the apical side because of the apical localization of the centrosome 
that would form the mitotic spindle. While this seems to be the case in elongated PSE cells, 
as well as neocortical radial glia, in intermediate length PSE, apical migration has been 
shown to occur independently of the centrosome (Poulton et al., 2014; Strzyz et al., 2015). 
However, it was shown that inhibition of apical nuclear migration can lead to sub-apical 
divisions that cause perturbed reintegration of the daughter cells in the tissue. Sub-apical 
mitosis can cause problems with the regrowth of the apical process and re-establishment of 
radial morphology in more basal daughters of non-perpendicular divisions. Such cells cannot 
robustly reintegrate into the tissue which leads to cell delamination. Interestingly, these cells 
continue to proliferate ectopically, forming cell clusters that obstruct correct neuronal layer 
formation and lead to overall tissue disorganization in the zebrafish retina (Strzyz et al., 
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2015) (Figure 8B). Therefore, robust apical migration is essential for the correct development 
of PSE tissues. 
 
Figure 8: Interkinetic nuclear migration and its importance for tissue integrity 
A) IKNM consists of stochastic movement in G1 and S and active directed movement of the 
nucleus to the apical side in G2 prior to mitosis. 
B) Daughter cells of non-apical divisions are unable to reintegrate into the tissue and form 
clusters that interfere with neuronal lamination later in development. (adapted from (Strzyz et al., 
2016) with permission) 
 
1.2.3.c. Mechanisms of apical nuclear migration  
Apical nuclear migration is the active nuclear positioning phase of IKNM and can be 
powered by microtubule- or actin-dependent mechanisms in different systems.  
Microtubules are responsible for apical nuclear migration in radial glia cells in the 
rodent neocortex (Hu et al., 2013; Tsai et al., 2010; Xie et al., 2013) and in neuroepithelial 
progenitors of the chick neural tube (Spear and Erickson, 2012). In these PSE cells LINC 
complex components connect the nuclear envelope to dynein directly or through adaptor 
proteins. Dynein motors transport the nucleus along microtubule tracks towards their minus 
end, anchored at the apical centrosome (Baffet et al., 2015; Hu et al., 2013; Kosodo et al., 
2011; Tsai et al., 2010). 
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Interestingly, in chick neural tube microtubule-dependent movement does not bring 
nuclei all the way to the apical side. Instead, the centrosome leaves the apical surface and 
initiates mitosis in sub-apical position. Mitotic rounding, driven by actomyosin contractility, 
finishes the positioning of the genetic material at the apical side prior to cytokinesis (Spear 
and Erickson, 2012). 
Beside this role in the apical migration of chick neuroepithelial cells, actomyosin 
generates the forces to propel the nucleus in short and intermediate length PSE like those 
found in Nematostella neuroectoderm (Meyer et al., 2011) , Drosophila wing disc (Rujano et 
al., 2013), and zebrafish retinal neuroepithelium (Norden et al., 2009). It was suggested that, 
similarly to the final stage of apical migration in the chick neural tube, actomyosin-dependent 
apical migration in these systems is continuous with cell rounding, preceding mitosis (Meyer 
et al., 2011; Nagele et al., 1979; Spear and Erickson, 2012). This can be a likely mechanism 
of apical migration in PSE with shorter cells. However, mitotic rounding can be uncoupled 
from apical nuclear migration in intermediate PSE (Liang et al., 2014; Strzyz et al., 2015), 
suggesting that in these tissues a separate mechanism controls the positioning of the 
nucleus by actomyosin.  
Interestingly, it seems that while microtubules are responsible for apical nuclear 
migration in cells of long PSE, in short or intermediate length PSE cells actomyosin propels 
nuclei to the apical side. Based on this observation, (Strzyz et al., 2016) suggested that 
actomyosin could generate enough forces to propel nuclei only at shorter distances, while 
the movement of this organelle at longer distances can be powered efficiently only by the 
microtubules. This hypothesis still remains to be tested, ideally, as suggested by the authors, 
in PSE tissues residing in the same organism. Furthermore, it remains largely unexplored 
whether any other geometric characteristics of PSE, such as curvature can influence the way 
nuclei in the tissue move to the apical side. 
 
1.2.3.d. Apical nuclear migration in zebrafish neuroepithelia 
Zebrafish neuroepithelia proved to be an extremely suitable vertebrate model system 
to study apical nuclear migration (Leung et al., 2011; Norden et al., 2009; Strzyz et al., 2015). 
A great advantage of zebrafish as a model is the transparency of embryos, that enables the 
investigation of developmental and cell biological processes in their dynamics using live 
imaging. Neuroepithelial tissues are positioned close to the surface of the embryo that 
additionally facilitates imaging of cells residing within them at subcellular resolution. The 
zebrafish system also enables easy genetic manipulation by microinjections of DNA/RNA 
constructs and chemical inhibitor treatments that make it possible to perturb specifically a 
variety of cellular processes. 
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Apical nuclear migration has been previously studied in retinal (Leung et al., 2011; 
Norden et al., 2009) and hindbrain (Leung et al., 2011) zebrafish neuroepithelia. While it was 
not tested how hindbrain nuclei move to the apical side, it was shown that in the retina apical 
nuclear migration depends on actomyosin (Norden et al., 2009) and microtubules are 
dispensable for the process. Additional evidence for the role of actomyosin in nuclear 
movement is the observed enrichment of active myosin on the basal side of G2 retinal nuclei 
during apical migration (Leung et al., 2011). It was suggested that basal myosin might serve 
to generate contractile forces that constrict the basal cell process to move nuclei to the apical 
side (Leung et al., 2011), but this hypothesis has not been tested. Interestingly, while more is 
known about how microtubules are able to move nuclei during apical nuclear migration, 
much less is known about how actomyosin can do the same. It still remains largely unknown 
what are the forces, generated by actin and myosin to propel the nucleus, and how these 
cytoskeletal elements are regulated during the process.  
Furthermore, previous characterization of IKNM demonstrated that nuclei in hindbrain 
and retinal neuroepithelia move in a similar manner in G1 and S cell cycle phases. However, 
it hinted that hindbrain nuclei might move faster and in a more directed manner than retinal 
nuclei in G2 (Leung et al., 2011). It remains unclear what is the reason for the observed 
difference in movement kinetics.  
 
1.3. Objective of the study 
In this study, I aimed to understand how actin and myosin are able to generate the 
forces to propel the nucleus in zebrafish neuroepithelia. To this end, I conducted a thorough 
kinetic characterization of apical nuclear migration at high temporal resolution and studied 
how forces act on nuclei, based on the shape changes the organelle displayed during 
movement to the apical side. Next, to understand how the responsible cytoskeletal elements 
generate these forces, I used live imaging to study their distribution and conducted a small-
scale drug screen using fixed and live imaging to find out how the cytoskeleton is regulated 
to produce these forces. Surprisingly, even though I found that hindbrain and retinal nuclei 
are propelled by actomyosin in both tissues, my experiments demonstrated differences in the 
way nuclei move to the apical side in these two tissues. In addition to being faster and 
moving in a more directed manner, hindbrain nuclei seemed to experience evenly distributed 
forces, while retinal nuclei appeared to be pushed to the apical side. Furthermore, 
actomyosin was distributed and regulated differently during apical migration in the two 
tissues. These findings indicated that apical nuclear migration is driven by distinct 
mechanisms in hindbrain and retinal cells. 
While both hindbrain and retinal neuroepithelia are PSE with intermediate cell length 
they differ in curvature. The generation and maintenance of tissue curvature is related to 
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different regulation of pools of contractile actomyosin at different locations inside the cells. I 
hypothesized that the differences in distribution of actomyosin and its regulators within cells 
forming tissues with distinct curvature, could present different starting conditions for the 
formation of the actomyosion structures that would propel the nucleus to the apical side. In 
this way, tissue curvature could influence the way apical nuclear migration would be 
performed in zebrafish hindbrain and retina. To probe this hypothesis and test if nuclei in 
tissues with similar curvature would move in a similar manner I characterized the way nuclei 
move in other two regions in the developing zebrafish CNS, a straight and a curved region 
within the MHB. 
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2. Materials and Methods 
2.1. Zebrafish methods 
2.1.1. Zebrafish husbandry 
Wild type TL strain zebrafish were maintained and bred at 26°C. Embryos were 
raised at 21, 28.5, or 32°C in E3 medium. From 8-10 hours post fertilization (hpf) the medium 
was supplemented with 0.2 mM 1-phenyl-2-thiourea (PTU) (Sigma-Aldrich) to prevent 
pigmentation. Embryos were anaesthetized in 0.04% tricaine methanesulfonate (MS-222; 
Sigma-Aldrich) prior to live imaging. All animal work was performed in accordance with EU 
directive 2010/63/EU, as well as the German Animal Welfare Act. 
 
2.1.2. RNA and DNA injections 
To label sparsely cells in zebrafish neuroepithelia, mRNA was injected into the 
cytoplasm of a single blastomere of 32-64 cell stage embryos. To label single cells in the 
neuroepithelia, mRNA was injected in a single blastomere of 128-cell stage embryos. To 
sparsely express DNA constructs under heat shock in neuroepithelial cells, plasmid DNA 
was injected into the cytoplasm of one-cell stage embryos. mRNA was synthesized using the 
Ambion mMessage mMachine kit and injected at 100 pg per embryo at earlier stages and 
40-50 pg per embryo at 128-cell stage. DNA was injected at 10-25 pg per embryo. The 
injection mix was prepared in water and the injected volume was 0.5-1.0 nl.  
 
2.1.3. Cloning strategies 
Gateway cloning (Thermo Fisher Scientific) based on the Tol2 kit (Kwan et al., 2007) 
was used for all constructs.  
 
T2-hsp70:LMNA-mKate2 
RNA was extracted from 24 hpf embryos using the TRI Reagent (Sigma-Aldrich) 
according to the manufacturers protocol. cDNA was synthesized using first strand cDNA 
synthesis kit (Fermentas/ Thermo-Fischer scientific). Zebrafish lamin A (BC163807.1) coding 
sequence was amplified from zebrafish cDNA to generate a middle entry clone without a stop 
codon at the end. The following primers were used: 
5’ ggggacaagtttgtacaaaaaagcaggctggGAGTCGCAGCACACACTCTTT 3’ 
5’ ggggaccactttgtacaagaaagctgggtcAATAGAGCAGTTGTCCACTTTGG 3’ 
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It was combined with hsp70 promoter p5ENTR(L4-R1) clone (Kwan et al., 2007), 
mKate2 p3ENTR(R2-L3) (kind gift from Andrew Oates) and GW Tol2-pA2 p DEST backbone 
(Villefranc et al., 2007). 
 
T2-hsp70:Fmnl3ΔC-EGFP 
The middle entry clone for truncated Fmnl3, lacking catalytic C terminus FH1, FH2, 
and DAD domains (pME-Fmnl3ΔC) (Phng et al., 2015) was a kind gift from Li-Kun Phng. It 
was combined with hsp70 promoter p5ENTR(L4-R1) clone (Kwan et al., 2007), EGFP 
p3ENTR(R2-L3) (Villefranc et al., 2007) and GW Tol2-pA2 p DEST backbone (Villefranc et 
al., 2007). 
 
2.1.4. List of constructs 
Construct Labelled structure Reference 
hsp70:Ras-mKate2 Cell membrane (Strzyz et al., 2015) 
bactin:mKate2-Ras Cell membrane (Icha et al., 2016a) 
hsp70: GFP-UtrophinCH F-actin (Strzyz et al., 2015) 
hsp70:GFP-PCNA Cell cycle phase marker (Icha et al., 2016a) 
hsp70:DN-Rok2-EGFP/ mKate Dominant negative Rho-kinase 
Recloned by Jaydeep Sidhaye from 
(Marlow et al., 2002) 
hsp70:LMNA-mKate2 Lamin A This study 
T2-hsp70:Fmnl3ΔC-EGFP Truncated Fmnl3 Recloned from (Phng et al., 2015) 
pCS2+ Ras-mKate2 Cell membrane (Weber et al., 2014) 
pCS2+ Ras-GFP Cell membrane (Strzyz et al., 2015) 
pCS2+ H2B-RFP Chromatin (Norden et al., 2009) 
pCS2+ Utr-CH-GFP F-actin (Burkel et al., 2007) 
pCS2+ Lifeact-GFP F-actin Kind gift from Oates lab 
pCS2+ MRLC2T18DS19D-GFP 
Constitutively activated myosin light 
chain 
(Strzyz et al., 2015) 
pCS2+ GFP-PCNA Cell cycle phase marker (Leung, Klopper et al., 2011) 
pCS2+ PCNA-mKate Cell cycle phase marker Marija Matejcic, unpublished 
 
 
Table 1: List of constructs.  
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2.1.5. Heat shock of embryos 
Embryos injected with plasmids containing Hsp70: GFP-PCNA or Hsp70: H2B-
mKate2, Hsp70: DN-Rok2-EGFP, Hsp70: mKate2-NWASP-CA, or Hsp70: Fmnl3ΔC-EGFP 
were heat-shocked in a water bath at 17 hpf for imaging the hindbrain and at 23 hpf for 
imaging the retina to induce the expression of the fluorescent construct. The heat shock had 
a duration of 20 minutes at 37°C for Hsp70: DN-Rok2-EGFP and 30 minutes at 39°C for 
Hsp70: mKate2-NWASP-CA. Because of high levels of apoptosis in the hindbrain following 
overexpression of Hsp70: Fmnl3ΔC-EGFP, embryos were heat shocked for 15 minutes at 
39°C for imaging the hindbrain neuroepithelium and for 20 minutes at 39°C when imaging 
the retinal neuroepithelium.  
 
2.1.6. Drug treatments 
The minimal effective concentrations of inhibitors were determined based on previous 
reports, and optimizations through a series of dilutions. All inhibitors were dissolved in 
DMSO, except Latrunculin A, that was dissolved in ethanol, and PAC (poly-amine 
compound), that was dissolved in water. Dechorionated embryos were treated by incubation 
in E3 medium containing the inhibitors at their respective working concentrations, either in 
plastic multi-well plates (for the drug screen) or in compartmentalized 35-mm glass bottom 
petri dishes (Greiner Bio-One). All treatments were started after 17 hpf for the hindbrain and 
after 23 hpf for the retina.  
 
2.1.6.a. Drug screen 
For the drug screen, embryos were incubated for 3 hours in the final working 
concentration of each chemical inhibitor listed in 2.1.6.c. Next, they were fixed stained as 
described in 0. The effect of the treatments was assessed by manual counting the number of 
apical and sub-apical mitoses in each tissue using the CellCounter plugin in Fiji (Schindelin 
et al., 2012). Mitoses were counted in a cuboid with length 100 µm, depth 20 µm and height 
equal to the thickness of a single layer of the hindbrain and across the whole retina. The 
quantification was made per volume of 105 µm3 in the hindbrain in a single PSE layer 
between the otic vesicles, while for the retina it was calculated as number of mitotic cells per 
retina. Mitotic cells were quantified in 7-10 PSE layers from 5 different embryos per condition 
for hindbrain and in 4-6 retinas from different embryos per condition.  and shown per volume 
for the hindbrain and per retina.  
 
2.1.6.b. Live imaging of chemical perturbations 
Embryos were dechorionated and pre-treated for one hour prior to mounting the 
sample in agarose to ensure efficient penetration of the inhibitor. This was done in multi-well 
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plates containing lower concentration of the inhibitor used later for live imaging. The 
concentrations used for pre-treatment were 100 µM Rockout, 175 µM CK-666, and 10 µM 
SMIFH2. After mounting in agarose is glass-bottom dishes the embryos were incubated in 
the concentrations of the inhibitors listed in 2.1.6.c for 14 hours and imaged using a spinning 
disk confocal microscope. 
Cells that completed S phase were counted using the CellCounter plugin in Fiji 
(Schindelin et al., 2012). They were divided into subsets, depending on whether their nuclei 
completed successfully movement to the apical side, remained at sub-apical positions for 
more than two hours without dividing before the end of the movie, divided sub-apically, or 
managed to complete apical migration for more than two hours. In the samples where none 
of the embryos exhibited any sign of perturbation of apical migration, the total number of G2 
migrating nuclei in all embryos were quantified. As the inhibitors were used in lower 
concentrations to reduce unwanted effects on the health of the samples and as penetration 
of the drugs in the embryos varies, whenever effect was observed, it varied across different 
embryos. In these cases, thorough quantification of migrating nuclei was done on embryos 
that exhibited any effect of the drug treatment and is shown in the graphs, while the number 
of unaffected embryos is listed in the figure legends. 
 
2.1.6.c. List of chemical inhibitors 
Chemical Inhibited process 
Working 
concentration 
Source/ Cat.No. or reference 
Blebbistatin Myosin II activity 50 µM or 100 µM 
Enzo Life Sciences/ BML-EI315-
0005 
Colcemid Microtubule polymerization 100 µM 
Enzo Life Sciences/ ALX-430-
033-M005 
ML-141 Activity of Cdc42/Rac1 GTPase 122 µM or 200 µM Merck Millipore/ 217708-25MG 
Rhosin Rho-GTPase activity 100 µM or 200 µM Merck Millipore/ 555460-25MG 
Rockout Rho-kinase activity 125 µM or 200 µM 
Santa Cruz Biotechnology/ sc-
203237 
Cytochalasin D Plus-end actin filament elongation 5 µM or 10 µM 
Santa Cruz Biotechnology/ sc-
201442 
Poly-amine 
compound 
Actin filament depolymerization 150 µM or 200 µM Nedeva… Riveline, 2013 
Latrunculin A Actin filament polymerization 2 µM or 5 µM Cayman chemical/ 0010630 
Jasplakinolide Actin filament depolymerization 8 µM Thermo Fischer Scientific/ J7473 
Jasplakinolide + 
Latrunculin A 
Actin filament turnover 
8 µM +  
2 µM 
BIOMOL Feinchemikalien GmbH/ 
10010630 (LatA) 
CK-666 Arp2/3-dependent actin nucleation 200 µM Merck Millipore/ 182515-25MG 
SMIFH2 Formin-dependent actin nucleation 10 µM Merck Millipore/ 344092-10MG 
Compound 2.4 mDia1 and mDia2 formins 100 µM ChemDiv/ K216-0385 
 
Table 2: List of pharmacological inhibitors. 
 
2.1.7. Immunofluorescence 
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2.1.7.a. Wholemount immunostaining 
Wholemount immunostainings were performed on embryos, fixed in 4% 
paraformaldehyde (PFA) (Sigma) in PBS at +4°C overnight. Embryos were washed 5x15 
minutes in PBS and permeabilized in 1% Trypsin on ice for 15 minutes. After incubation in 
PBS-T (PBS with 0.8% Triton X-100), followed by washing 3x15 minutes, embryos were 
blocked in 10% normal goat serum (NGS), diluted in PBS-T for 2 h, shaking at room 
temperature. The blocking solution was removed and embryos incubated in primary 
antibodies, diluted in 1% NGS in PBS-T for 64 h, shaking at +4°C. The embryos were 
washed 5x30 minutes and then incubated with secondary antibodies, phalloidin, and DAPI 
for 64 h shaking at +4°C. After being washed 4-5x30 minutes in PBS, embryos were rinsed 
twice in PBS and stored in PBS containing sodium azide at +4°C.  
 
2.1.7.b. EdU staining of cryosections and click reaction 
Pronase-dechorionated embryos were incubated for 1 hour in 500 µM EdU (5-
ethynyl-2'-deoxyuridine from Click-iT EdU Alexa Fluor 488 Imaging Kit, Thermo Fisher 
Scientific) diluted in E3 and 10% DMSO. The incubation was done on ice to slow down DNA 
replication and enhance the incorporation of the nucleotide analogue to label the replication 
foci in the chromatin of neuroepithelial progenitors. Embryos were then transferred to 28°C 
for 1 hour to allow the progression of the cell cycle. The embryos were fixed at 19 hpf for 
imaging the hindbrain and at 25 hpf for imaging the retina. 
 Embryos were fixed in fixed in 4% PFA in PBS at +4°C overnight. After 1 hour 
infiltration with 15% and consecutively 30% sucrose diluted in PBS, embryos were 
embedded in Tissue-Tek OCT and frozen at -80°C. 19μm cryosections were mounted on 
Superfrost Plus slides (Thermo Fisher Scientific).  
Sections were first washed for 5 minutes in PBS and then for 5 minutes in PBS-T 
(PBS with 0.8% Triton X-100). Next, they were blocked for 30 minutes in 10% NGS. Sections 
were then incubated for 3 hours in primary antibody solution (in 1% NGS), washed 3x5 
minutes in PBS, followed by incubation in secondary antibody solution (in 1% NGS) for 1 
hour. Cryosections were then washed 3x5 minutes in PBS. 
Click-it reaction for labeling the sites of incorporation of EdU in DNA was preformed 
according to the protocol, provided by the manufacturer, and after antibody staining. After 
that, cryosections were washed 3x5 minutes in PBS and mounted in Vectashield Antifade 
Mounting Medium (Vector Labs). 
 
2.1.7.c. List of antibodies and probes 
The following antibodies and probes were used at the mentioned dilutions. 
Primary antibodies: 
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1:50 anti-phospho-myosin (Cell signaling), 1:500 anti-pH3 (Abcam), 1:100 anti-
monomeric Azami-Green (MBL) (as anti-mKate2), 1:100 anti-GFP (Millipore). 
Secondary antibodies and fluorescent markers: 
1:500 Alexa Fluor 488 anti-Rabbit (Invitrogen), 1:500 Alexa Fluor 594 anti-Rabbit 
(Thermo Fischer Scientific), 1:500 Alexa Fluor 647 anti-rat (Invitrogen), 1:500 Alexa Fluor 
488 anti-mouse (Invitrogen), 1:50 Alexa Fluor 488 Phalloidin (Molecular Probes), 1:50 
Rhodamine-Phalloidin (Molecular probes), DAPI. 
 
2.2. Image acquisition 
To ensure that the neuroepithelium consists predominantly of progenitor cells that 
undergo IKNM, all experiments in the hindbrain were conducted between 18 hpf and 30 hpf, 
and in the retina, between 24 hpf and 36 hpf, before the onset of neurogenesis for each of 
the tissues.  
 
2.2.1. Confocal scans 
Fixed samples were imaged in Zeiss LSM 880 inverted point scanning confocal 
system (Carl Zeiss Microscopy) using the 40x/1.2 C-Apochromat water immersion objective 
(Carl Zeiss Microscopy). The samples were mounted in 1% agarose in glass bottom dishes 
(MatTek) or compartmentalized glass bottom dishes (Greiner Bio-One) filled with PBS and 
imaged at room temperature. Z-stacks acquired had a thickness of 20-36 µm and step size of 
0.75-1 µm. The microscope was operated by ZEN 2 (black edition) software.  
 
2.2.2. Time-lapse imaging using spinning disk confocal microscope 
(SDCM) 
Live imaging of apical migration perturbations was done using an Andor SDCM 
system. The spinning disk setup consisted of IX71 microscope (Olympus) and CSU-X1 scan 
head (Yokogawa). The samples were mounted in compartmentalized glass bottom dishes 
(Greiner Bio-One) or glass bottom dishes (MatTek) into 0.9% agarose in E3 medium 
containing 0.1 M HEPES pH=7.25 and 0.01% MS-222 (Sigma). The dish was filled with E3 
medium containing 0.01% MS-222 (Sigma). Imaging was performed with UPLSAPO 60x/1.5 
water immersion objective (Olympus) and Neo sCMOS camera (Andor) at 28.5°C regulated 
by an environmental chamber. A z stack around 36 μm thick was acquired with 1 μm steps 
every 5 or 10 min. The microscope was operated by Andor iQ 3.0 software. Images were 
taken every 5 min for 12–14 hours. 
 
2.2.3. Time-lapse imaging using light-sheet fluorescent microscope 
(LSFM) 
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Imaging of single labelled cells in the hindbrain, retina, and MHB, was performed as 
previously described (Icha et al., 2016b) using the Lightsheet Z.1 (Carl Zeiss Microscopy). 
The sample chamber was filled with E3 medium containing 0.01% MS-222 (Sigma) and 0.2 
mM N-Phenylthiourea (Sigma) and maintained at 28.5°C. The embryo was embedded in a 
0.9% agarose column and a 25-35 μm z stack of the hindbrain, retina, or MHB was acquired 
with 1 μm steps in a single view, single-sided illumination mode. Images were taken every 
0,25-1 min for 3-4 hours using the Plan-Apochromat 40x/1.0 W detection objective (Carl 
Zeiss Microscopy) and the two PCO.Edge 5.5 sCMOS cameras. The microscope was 
operated by ZEN 2014 (black edition) software.  
 
2.3. Laser ablations  
Laser ablations were performed using the same Andor SDCM system, described in 
2.2.2, using an ultraviolet laser (MicroPoint unit), focused by 60x/1.25 water immersion 
objective (Olympus). 
 
2.3.1. PSE laser ablations 
A linear region of interest was defined in order to sever the apical or basal processes 
of neuroepithelial cells and cause perturbation of the structure of the neuroepithelium. 
Nuclear shape was visualized using H2B-RFP. 16 z-planes spanning 12 μm of the tissue 
surrounding the region of interest were acquired prior to ablation during 3 time points 10 
seconds apart. 20 repeats with a frequency of 30 Hz of the laser pulse were performed on 
the linear region of interest. 16 z-planes spanning 12 μm of the tissue surrounding the cut 
were scanned for 1-5 minutes with temporal resolution of 10 seconds to record the 
deformations of nuclei in the hindbrain and the retina after the cut.  
 
2.3.2. Nuclear laser ablations 
Nuclei were labeled with H2B-RFP to visualize any shifts in chromatin distribution and 
GFP-PCNA as a cell cycle marker. Additional advantage of using PCNA was that the protein 
is recruited to sites of DNA damage (Aleksandrov et al., 2018) and its enrichment at the 
ablated region serves as a confirmation that the nucleus was ablated and not just bleached. 
Nuclei were ablated in S phase or several minutes after the onset of G2. A region of 
interest, consisting of a single point, was selected in the center of each nucleus, resulting in a 
circular ablated region. 16 z-planes spanning 12 μm of the tissue surrounding the region of 
interest were acquired prior to ablation during 3 time points 10 seconds apart. 20 repeats 
with a frequency of 30 Hz of the laser pulse were performed on the region of interest. 16 z-
planes spanning 12 μm of the tissue surrounding the cut were scanned for 5-15 minutes with 
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temporal resolution of 10 seconds to record the deformations of the ablated region in the 
hindbrain and the retina after the cut. UV laser ablation of histological samples is a 
photothermal process based on plasma formation (Vogel et al., 2007). Plasma formation in 
the nucleus likely damages it irreversibly and makes it impossible for cells to continue their 
cell cycle progression. However, it could also facilitate the deformation of the ablated region 
before the dissipation of the thermal energy, and thus, make more pronounced the effects of 
shifts in chromatin distribution, caused by forces acting on the nucleus at the moment of 
ablation. Nuclei were imaged prior to ablation to ensure they are in the correct cell cycle 
phase. Half of S-phase nuclei were ablated immediately. The rest were left to complete S 
phase and were ablated after the onset of G2. Nuclei were imaged for several minutes after 
ablation but the shape of the ablated regions was only considered in the first 30 seconds 
after ablation due to the assumption that later on the damage inflicted by laser ablation might 
lead to interruption of the force-generating process. 
The deformations of the ablated regions were assessed qualitatively by counting the 
number of nuclei where a basal indentation was visible in the z-plane in the center of the 
nucleus. Nuclei ablated close to the nuclear periphery or positioned in a plane that was not 
parallel to the imaging plane were omitted in the analysis.   
 
2.4. Image analysis 
Minimal image processing was used only on some images, prior to image analysis. 
Processing consisted of image cropping in ZEN and/ or Fiji, bleach correction and/ or 
background subtraction, as well as drift correction, using Fiji. After image analysis in IMARIS 
8 or 9 (BitPlane) or Fiji, data were analyzed and plotted using Microsoft Excel and GraphPad 
Prism. Statistical analysis was performed using GraphPad Prism.  
 
2.4.1. Sample drift correction 
Sample drift in 3D stacks was corrected using a Fiji plugin, created by Benoit 
Lombradot (Scientific Computing Facility, MPI-CBG, Dresden). The plugin uses landmarks 
placed by the researcher every few time points and aligns these automatically to register the 
complete 3D stack. The script can be found on 
http://imagej.net/Manual_drift_correction_plugin. 
 
2.4.2. Actin, myosin, and nuclear intensity distribution 
The average fluorescent intensity distribution of phalloidin, phospho-myosin, and 
DAPI along the apico-basal cell axis was measured as described in (Matejcic et al., 2018; 
Sidhaye and Norden, 2017) using a custom Python script for Fiji, generated by Benoit 
Lombardot and Robert Haase (Scientific Computing Facility, MPI-CBG, Dresden). A region of 
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interest was defined as a cuboid with dimensions 10 µm x 10 µm x thickness of the tissue 
(for retinal and hindbrain cells) or 5 µm x 5 µm x thickness of the tissue (MHBS and MHBC). 
The region of interest is narrower in MHBs as the MHB region spans ~3 cell diameters only 
and it was important to avoid including the adjacent area in this quantification. The thickness 
of the tissue was normalized to 100 and the fluorescence intensity was averaged for each 
volume unit from 1 to 100. The averaged fluorescence intensity along the apico-basal axis 
was normalized to the minimal and maximal intensity value to enable comparison of the 
distribution between different samples. 6 to 10 profiles originating from 4-6 samples were 
measured from each tissue. 
 
2.4.3. Nuclear segmentation, shape measurements, and tracking in 
3D 
Semi-automatic segmentation and tracking were performed on 3D stacks in time-
series of single labelled migrating nuclei using the Surface tool in IMARIS 8 or 9 (Bitplane). 
This enabled the extraction of the position of the nuclear centroid over time in 3D. In addition, 
an ellipsoid was fitted in the segmented surface in each timepoint automatically by the 
software. This enabled the extraction of the length of the semi-axes of the nucleus. The 
nuclear aspect ratio (A/C) at each timepoint were calculated by dividing the length of each of 
one of the short semi-axes by the length of the long semi-axis, C.  
The average nuclear aspect ratio during S phase was calculated for each nucleus 
(𝐴/𝐶0) and used to calculate the value of the normalized aspect ratio for each timepoint in G2 
(𝐴/𝐶𝑛𝑜𝑟𝑚𝑖) following the formula: 
𝐴
𝐶⁄ 𝑛𝑜𝑟𝑚𝑖
=  
𝐴
𝐶⁄ 𝑖
− 𝐴 𝐶0
⁄
𝐴
𝐶0
⁄
, 
where 𝐴/𝐶𝑖 is the nuclear aspect ratio measured in each timepoint (𝑡𝑖). 
Normalized aspect ratios for each time point were pooled for all cells originating from 
the same tissue. 
Nuclei for which satisfactory sample drift correction was not possible and the image 
could not be stabilized were omitted in this analysis. In addition, nuclear shape changes were 
not assessed in time-series where nuclei came into contact with adjacent labelled nuclei and 
could not be successfully segmented as separate objects. To include a maximal number of 
samples in this analysis, the analysis omitted early parts of S phase if nuclei could not be 
segmented as separate objects but later in S phase could be successfully distinguished. In 
rare cases, if the fluorescent signal was too weak for the quantification of nuclear shape or 
when nuclei were imaged only in G2 but not in S phase, segmentation was used only for 
nuclear tracking. 
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2.4.4. Analysis of the kinetics of apical nuclear migration  
2.4.4.a. Duration of G2 and apical migration 
Beginning of G2 was defined by the disappearance of PCNA foci, indicating the end 
of S phase, until the onset of cell rounding. Apical migration was defined by the beginning of 
directed motion of the nucleus towards the apical side after the onset of G2 and before the 
onset of cell rounding. 
 
2.4.4.b. Cell trajectory, instantaneous velocities, MSD, and directionality 
ratio 
Nuclei were tracked in 3D using IMARIS 8 or 9 (Bitplane) during S-phase and G2-
phase of the cell cycle. Prior to analysis, the data were divided into S-phase and G2-phase 
subsets, according to the previously defined timepoints at which cells transition between cell 
cycle phases. To reduce noise, the analysis was conducted on data points taken at intervals 
of 1 minute. The cell axis was defined by the positions of the apical and basal endpoints, 
measured in 3D in the last time point of S phase for each cell. The nuclear position was 
projected onto the cell axis, obtaining one-dimensional time-series, as described in (Leung et 
al., 2011; Norden et al., 2009). The resulting trajectories were analyzed as described 
previously (Leung et al., 2011; Norden et al., 2009) by calculating instantaneous velocities, 
MSDs and directionality ratios. This analysis was done by Anna Erzberger, using a custom 
MATLAB script. 
 
2.4.4.c. Evaluation of kurtosis 
The kurtosis of instantaneous velocity distributions was evaluated in order to assess 
how saltatory apical nuclear migration is in hindbrain and retina using GraphPad Prism. 
 
2.4.5. Tissue and cell shape measurements 
2.4.5.a. Apical and basal area segmentation  
Apical and basal tissue area of the hindbrain and retinal PSE was measured using a 
custom Fiji tool (Volume Manager, by Robert Haase, IPF, MPI-CBG). Volume Manager is 
available in the Fiji SCF-MPI-CBG update site. Areas were manually outlined in a region of 
interest. The region of interest in the hindbrain consisted of a portion of a single 
neuroepithelial layer limited by the length of the adjacent otic vesicle (N=6). In the retina 
(N=8), the region of interest was selected such that to exclude the ciliary margin zone. In 
both tissues the segmented stacks had a thickness of 20 µm. This analysis was conducted 
by Gabriel Jurado Gimenéz, a lab rotation student I supervised.  
 
2.4.5.b. Single cell length measurement in 3D 
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The 3D viewer of IMARIS 8 or 9 (Bitplane) was used to visualize the single labelled 
cells in 3D. The positions of the edges of the apical and basal surface were defined using the 
Measurement Point tool in the last timepoint of S phase prior to the onset of migration. A 
custom MATLAB script by Anna Erzberger was used to calculate the distance between the 
apical and basal surface of each cell and this distance was taken as the length of the cell. 
 
2.4.5.c. Measurement of apical and basal cell footprint areas 
The apical and basal footprint of each cell was segmented semi-automatically in Fiji. 
Maximum intensity projection of the S-phase portion of each hyperstack of single labelled cell 
was used to draw two linear regions of interest that would cover the apical and respectively 
the basal footprint of the cell for more than three timepoints, one minute apart. The 3D 
hyperstack was used to select the timepoints where the region of interest indeed covers the 
footprints. The regions of interest defined in this way were used to reslice the hyperstack and 
get 2D stacks, that contain time series of orthogonal views of the apical and basal footprint. 
The footprints were segmented using automatic thresholding (Huang and Wang, 1995) using 
the stack histogram. Based on this thresholding, selections were created, saved as ROIset, 
and measured for the previously selected period of time. Measurements were made every 
minute of the time series for 4-10 minutes, depending on how successful the sample drift 
correction was. Often, 2D stacks were cropped to avoid including the footprint of adjacent 
cells in the automatic selection of the thresholded regions of interest. In rare cases, 
especially for basal processes in retina and MHBC, parts of the footprint of adjacent cells 
was included in the selection in single timepoints. Such artefact would skew the analysis 
against finding a difference between the footprint ratios of these tissues and the straight 
tissues. Nevertheless, the analysis shows a significant difference between the footprint ratios 
of straight and curved tissues and, although I acknowledge this artefact, I consider that it 
does not compromise the assessment of cell shape differences between tissues. 
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3. Results 
3.1. Characterization of apical nuclear migration in zebrafish 
neuroepithelia 
The timely positioning of the nucleus at the apical side before mitosis is critical for the 
correct development of PSE tissues. Thus, I set out to understand how nuclei are propelled 
during apical migration in different zebrafish neuroepithelia (Figure 9A, B, Movie 1). To reach 
such understanding, it was critical to first thoroughly characterize the process in each tissue. 
A previous live imaging study (Leung et al., 2011) showed that the kinetics of apical nuclear 
migration differed between hindbrain and retinal cells. However, it is known that confocal 
microscopy can induce phototoxicity and can lead to changes in cell cycle dynamics (Icha et 
al., 2016b; Icha et al., 2017) and previous studies were done using a spinning disk confocal 
microscope (SDCM). Thus, to exclude the possibility that phototoxicity could underlie the 
observed changes, I performed an analysis of apical nuclear migration kinetics, using a light-
sheet fluorescence microscope (LSFM) (Huisken et al., 2004; Voie et al., 1993). LSFM was 
shown to greatly reduce phototoxicity in long-term imaging experiments (Jemielita et al., 
2013; Stelzer, 2015). In addition, I performed my experiments at much higher temporal 
resolution (in the range between 0.25-1 minute compared to 5-minute resolution used for the 
previous analysis). Higher temporal resolution enabled the analysis of the dynamics of 
intracellular components like the nucleus and the cytoskeleton. 
 
3.1.1. The overall duration of G2 and apical migration differ in 
hindbrain and retina  
I first compared the duration of the G2 cell cycle phase during which nuclei move 
apically in hindbrain and retina using LSFM. Live imaging in the hindbrain was conducted at 
18-22 hpf and in the retina, at 24-28 hpf. Single hindbrain and retinal cells were labelled by 
mosaic microinjection of mRNA, encoding GFP-UtrophinCH to label actin or CA-MRLC-GFP 
to label myosin (Figure 9C). Both constructs allowed visualization of the cell borders. In 
addition, mKate2-PCNA was introduced to mark cell nuclei. The PCNA signal was used for 
semi-automatic nuclear segmentation, as well as a cell-cycle phase marker. Cell cycle phase 
identification is possible as PCNA is a nuclear protein, a component of the DNA polymerase 
complex that localizes to replication foci in S phase. These nuclear foci disappear with the 
completion of DNA replication and, thus, mark the progression of the cell cycle from S to G2 
(Leung et al., 2011). Nuclear envelope breakdown and the subsequent distribution of the 
PCNA signal in the cytoplasm was used as an indicator of the onset of prometaphase and 
the end of G2. The duration of G2 measured in the LSFM was 23  1 min in hindbrain and 32 
 2 min in retinal progenitors (Figure 9D). As previous results found lengths of 29  2 min in 
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hindbrain and 40  6 min in retinal progenitors (Leung et al., 2011), this indicated that SDCM 
indeed slowed down the cell cycle in both tissues by 25%.  
 
Figure 9: The durations of G2 and apical nuclear migration differ between hindbrain 
and retinal cells 
A) Position of the hindbrain and retinal neuroepithelia in the zebrafish embryo. 
B) Tissue-wide overview of hindbrain (left) and retina (right) (DAPI, cyan; phalloidin, gray; 
phospho-Histone 3, magenta). The apical and basal side are denoted with a yellow dashed line, 
scale bar 20 µm. 
C) Time-series of apical migration demonstrate that hindbrain nuclei reach the apical side sooner 
than retinal nuclei. The apical (always shown up) and basal side are denoted with a white dashed 
line. G2 is highlighted in purple, scale bar 5 µm. 
D) G2 in the retina has a greater duration than in the hindbrain. Mean  SEM. 
E) Hindbrain and retinal nuclei spend similar time after the end of S phase before they initiate 
apical migration. Mean  SEM. 
F) Apical migration in the retina takes longer than in the hindbrain. Mean  SEM. 
G) Hindbrain and retinal nuclei spend similar times at the apical side before they initiate rounding. 
Mean  SEM. 
 
In addition, I noted that in both tissues nuclei sometimes initiate apical migration a 
few minutes after the end of S phase and mitosis can follow up to 15 minutes after the 
nucleus has already reached the apical surface. This meant that nuclear migration in both 
tissues was actually shorter than the duration of G2. If nuclear migration was analyzed for 
the full duration of G2, including the periods when the nucleus was immobile, this could lead 
to wrong conclusions about its kinetics. To avoid this and refine the analysis of nuclear 
migration kinetics, G2 was divided into three sub-phases according to the behavior of the 
nucleus. The first sub-phase was defined as the interval between completion of S phase 
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(disappearance of the PCNA foci) and the onset of directed apical movement. This sub-
phase has a mean duration of 1.0  0.5 min in hindbrain and 2.0  1.0 min in retinal cells 
(Figure 9E). The period of migration was defined as the time between the onset of directed 
movement to the apical side after S phase was completed to the rounding of the cell. Cell 
rounding was defined by the strong rounding of the nucleus, accompanied by the dilation of 
the basal cell process. The period of apical migration differed significantly between tissues 
with a duration of 13  1 min in hindbrain as opposed to 22  2 min in retinal cells (Figure 9F). 
Nuclei in the hindbrain and the retina spent the same amount of time rounded at the apical 
side before nuclear envelope breakdown (8  1 min for hindbrain and retinal nuclei) (Figure 
9G). As hindbrain and retinal nuclei spend comparable amounts of time in G2 basally before 
migration and apically before the onset of mitosis, the observed differences in the duration of 
G2 arise due to the longer migration of retinal nuclei to the apical side. 
Overall, this improved analysis of the behavior of hindbrain and retinal nuclei imaged 
using LSFM demonstrated that G2 and apical migration are shorter in hindbrain compared to 
retinal cells. The more precise partitioning of G2 into sub-phases, where apical migration is 
strictly separated from the periods of rest before the onset of migration and after it was 
completed, further contributed to the more precise analysis of the kinetics of apical nuclear 
movement presented in this thesis.  
 
3.1.2. Hindbrain and retinal nuclei move with distinct kinetics during 
apical migration 
The longer apical migration in the retina could be explained if the positions of retinal 
nuclei at the onset of migration are farther from the apical side than those of hindbrain nuclei.  
Alternatively, the differences in duration of apical nuclear migration in hindbrain and retina 
could suggest that retinal nuclei move slower or in a less directed manner.  To understand 
these differences in nuclear migration nuclei were labelled with mKate2-PCNA, the 
fluorescent nuclear signal was segmented semi-automatically in 3D using the Surface Tool in 
Imaris (Bitplane) 8 or 9. Nuclear movement was tracked automatically and 3D nuclear 
trajectories were projected on top of the apico-basal axis of the cell as previously described 
(Leung et al., 2011; Norden et al., 2009). All nuclear trajectories acquired in the hindbrain 
and the retina are presented in Figure 10A. Nuclear position is represented as the distance 
of the nucleus to the apical side and plotted against time from the onset of G2 (t = 0 min) 
until cell rounding. 
To compare the positions from which apical migration was initiated in both tissues, I 
measured the distance of nuclei to the apical side at the onset of G2 (Figure 10B). I found 
that apical nuclear migration was initiated at 8  1.1 µm from the apical side in the hindbrain 
and 6.7  0.5 µm in the retina. Notably, the variance of these initial nuclear positions in G2 
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was significantly greater in hindbrain (15.01), compared to the retina (4.16). This means that, 
even though their migration is shorter, hindbrain nuclei initiate movement at more variable 
positions, including positions farther from the apical side. This suggests that hindbrain nuclei 
are likely to move faster and/ or in a more directed manner to reach the apical side faster 
than retinal nuclei. To assess the differences in the way nuclei move in hindbrain and retina, 
the kinetics of nuclear migration were analyzed in collaboration with Anna Erzberger from the 
Salbreux group in MPI-PKS. Based on trajectory data, we assessed the velocity and 
directionality of nuclear movement in G2.  
 
Figure 10: The kinetics of nuclear movement differ between hindbrain and retinal cells. 
A) Nuclear trajectories of retinal and hindbrain cells plotted as distance of the nuclear position 
from the apical side. T=0 min denotes the start of apical migration. Nuclear trajectories end with 
the onset of rounding. 
B) Distance of the nucleus from the apical side at the onset of migration. Starting nuclear 
positions have a higher variance in the hindbrain than in the retina. Mean  SD. 
C) Frequency distribution of instantaneous velocities during apical migration in the hindbrain and 
the retina pooled for all cells from each tissue. Higher kurtosis in the retina (γ2=5.44) indicates 
more saltatory motion than in the hindbrain (γ2=0.32). 
D) The analysis of the directionality ratio during apical nuclear migration shows that hindbrain 
nuclei move in a more directed manner than retinal nuclei. Mean  SD. 
E) The analysis of MSD confirms that hindbrain nuclei have a more directed movement than 
retinal nuclei, indicated by the steeper curve. Mean  SD. 
 
The analysis of nuclear instantaneous velocities demonstrated that hindbrain nuclei 
were moving faster than retinal nuclei. The mean instantaneous velocity for hindbrain nuclei 
was 0.63  0.06 µm/min as opposed to 0.32  0.04 µm/min for retinal nuclei (Figure 10C) in 
good agreement with a previous study (Leung et al., 2011). 
Interestingly, we noticed that hindbrain nuclei seemed to move in a more continuous 
manner while retinal nuclear movements were more saltatory. Saltatory movement included 
periods of apical movement, interrupted by short periods of retrograde movement to the 
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basal side. To assess this perceived difference in apical nuclear migration we compared the 
distributions of instantaneous velocities for both tissues during apical migration. Both 
hindbrain and retinal nuclei have instantaneous velocities of 0 µm/min during about 10% of 
the duration of apical migration. Negative instantaneous velocities that would indicate periods 
of retrograde movement to the basal side occupied 20% of the duration of apical migration in 
the hindbrain. In contrast, retinal nuclei spent 30% of apical migration in retrograde 
movement (Figure 10C). These results indicate that directed apical migration is interrupted 
more often or for longer time in retinal cells, arguing in favor of a more saltatory nuclear 
movement. 
If nuclear motion is indeed saltatory, the displacements of the nucleus between 
timepoints could be expected to have a bigger amplitude. This quality should be reflected by 
the distribution of instantaneous velocities and should be displayed as more extreme 
deviations from the mean instantaneous velocity. To assess this, we compared the kurtosis 
of the instantaneous velocity distribution in hindbrain and retina. Kurtosis evaluates if the 
variance of a distribution is a result of the contribution of infrequent, extreme deviations 
(indicated by high kurtosis, expected for more saltatory migration), as opposed to frequent, 
modestly sized variations (indicated by low kurtosis, expected for smoother migration). 
Hindbrain instantaneous velocities have a kurtosis of 0.32, as opposed to 5.44 for retinal 
nuclear migration (Figure 10C). The relatively low kurtosis of instantaneous velocity 
distribution in the hindbrain demonstrates that the variability of instantaneous velocities was 
stemming from smaller variations. This indicated that nuclear movement is more continuous 
or smoother in this tissue. The high kurtosis of the instantaneous velocity distribution in the 
retina indicated that extreme deviations (very high and very low values) contributed strongly 
and expanded the tails of the distribution compared to those of a normal distribution. The 
existence of strong extreme variations in the instantaneous velocities of retinal nuclei 
strongly suggests that retinal nuclear migration occurs in saltations. These results could 
suggest that in the hindbrain the force that moves the nuclei has a more continuous action 
compared to the force in the retina. Here, it seems that nuclei more often ‘fall back’ in basal 
direction during apical migration. This could mean that the force acting in the retina is more 
pulsatile than in the hindbrain. 
Nuclei in the hindbrain moved faster and smoother than retinal nuclei which likely 
meant that they had more directed motion in G2. To test this, we quantified the directionality 
ratio of G2 nuclear movements in the hindbrain and the retina. The directionality ratio defines 
the ratio between the distance from the start to the end point of the trajectory and the full 
length of the trajectory. This parameter reaches a value of 1 for a straight linear trajectory (or 
for very short time intervals) and decays to 0 for increasingly random motion. The 
directionality ratio was plotted for increasing time intervals for all cells of each tissue (Figure 
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10D). For retinal nuclei the directionality ratio decays more steeply with time reaching a final 
value of 0.36  0.07 compared to 0.63  0.06 for hindbrain nuclei. This demonstrated that 
nuclei in the hindbrain move in a more directed manner compared to retinal nuclei. 
Another parameter, used to assess how directional is the movement of a particle, is 
the mean squared displacement (MSD) (Leung et al., 2011). MSDs are calculated as an 
average squared distance between the positions of the trajectory of the particle over 
increasing time intervals. The shape of the MSD curve enables the assessment of the 
directionality of the tracked motion. Directional motion produces a supralinear MSD curve 
and a diffusive random motion results in a linear curve. MSD was plotted for nuclear 
migration in hindbrain and retinal cells (Figure 10E). The MSD curve was supralinear for 
apical migration in both tissues, in agreement with the fact that apical movement before 
mitosis was shown to be a directed active process. However, the MSD curve of hindbrain 
nuclei was steeper than that of retinal nuclei. This analysis further confirmed that apical 
nuclear migration in the hindbrain is more directed than that of retinal nuclei. 
Overall, the analysis of nuclear motion during apical migration demonstrated that 
hindbrain nuclei reach the apical side faster because they move with higher velocity, more 
smoothly and with greater directionality compared to the saltatory motion of retinal nuclei. 
The differences in the motion of hindbrain and retinal nuclei could suggest that their 
migration is driven by different forces.  
 
3.2. Nuclear deformations can be used to study the forces 
experienced by the organelle  
To test the hypothesis that different forces could propel nuclei to the apical side in 
different neuroepithelia, it was necessary to find a read out of how forces acted on them. 
However, studying the intracellular forces acting deep in the tissues of an intact embryo is 
not a trivial problem. Atomic force microscopy has been used in studies of the surface forces 
in single cells, cell doublets or Xenopus laevis neurula (Krieg et al., 2008; Puech et al., 2005) 
but this approach could not be used for hindbrain and retinal tissues that are located 50-100 
µm beneath the surface of the embryo. Laser ablation is a widespread technique to probe 
tissue mechanics during development (e.g. (Shivakumar and Lenne, 2016; Smutny et al., 
2015) but my trials showed that in the crowded pseudostratified epithelium it was not 
possible to ablate the actomyosin network specifically without causing cell lysis and tissue 
damage. In a study of Drosophila ventral furrow formation, video force microscopy was used 
for inference of the forces that drive the process based on cell shape deformations that 
accompany it (Brodland et al., 2010). I hypothesized that, similarly, based on nuclear 
deformations that might accompany apical migration, we could draw conclusions regarding 
the forces causing them. For this to be possible nuclei should be flexible enough to deform 
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when subjected to such forces. To ascertain that nuclei could deform in response to forces, I 
studied the composition of the nuclear lamina by immunostaining of lamins, visualized the 
nuclear envelope of neuroepithelial cells to look for deformations, and tested how nuclei 
respond to rapid changes in the position of adjacent nuclei following laser ablation of cells in 
the PSE. 
3.2.1. The absence of lamin A/C is likely to enable nuclear 
deformations  
If lamin A/C is absent from the nuclear lamina of neuroepithelial cells, this could grant 
higher flexibility of the organelle so that its deformations could serve as a read out of the 
forces that act on it. Preliminary data from the Norden lab (Marija Matejcic, Jaroslav Icha, 
unpublished) suggested that retinal progenitors, as still undifferentiated cells, lack lamin A/C 
during the stages of development when apical migration of nuclei occurs. To confirm that this 
was true for retinal and hindbrain cells, immunostaining of lamin A/C and lamin B1 was 
performed. Immunostaining of lamin A/C in the tail at 48 hpf revealed that lamin A/C was 
present at later developmental stages and served as a positive control for antibody 
specificity. In contrast, while lamin B1 was present in the nuclear lamina in hindbrain and 
retinal progenitors, lamin A/C was absent in both tissues (Figure 11A).  
 
Figure 11: Lamin A/C is absent in neuroepithelial nuclei 
A) Immunostaining reveals that lamin A/C is absent in hindbrain and retinal neuroepithelia. Scale 
bars 10 µm. 
B) Nuclei in the retina can deform upon collisions. Scale bar 5 µm. 
C) Overexpression of lamin A/C can perturb apical nuclear migration and lead to sub-apical 
mitoses. Scale bar 5 µm. 
 
These results showed that nuclei in the hindbrain and the retina both lack lamin A/C 
at the stages of development when apical migration is ongoing. This suggested that 
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hindbrain and retinal nuclei have similar stiffness, which was likely to be relatively low, 
compared to the nuclear stiffness of differentiated cells. 
Low nuclear stiffness suggested that neuroepithelial nuclei could be deformable 
during apical migration and this could be used to draw conclusions about the forces acting on 
them. To test nuclear deformability, I visualized the nuclear lamina in retinal progenitors by 
expression of a fluorescently labelled LAP2B (Lamina-associated polypeptide), an integral 
membrane protein of the inner nuclear membrane. I found that neuroepithelial nuclei typically 
exhibit an elongated ellipsoid shape but occasionally undergo deformations (e.g. depressions 
and shortening of the apico-basal axis) (Figure 11B). These occasional deformations could 
originate from collisions with or rearrangements of other nuclei, i.e. from forces that arise 
locally in the tissue. 
The reduced stiffness and high deformability of neuroepithelial nuclei might be 
important in physiological conditions for efficient movement of the organelle throughout a 
crowded tissue, such as the PSE. On the way to the apical side neuroepithelial nuclei need 
to intercalate between the tightly packed nuclei of adjacent cells. If nuclear stiffness is higher, 
this could hinder the efficient apical nuclear migration. To test this hypothesis, the zebrafish 
lmna gene was cloned in a Tol2 plasmid under a heat shock promoter and fused to the 
sequence of the fluorescent protein mKate2. LmnA-mKate2 was then overexpressed 
mosaically using a heat shock system in retinal cells together with GFP-PCNA as a cell cycle 
phase marker. Nuclear movements after the completion of S phase were imaged live. LmnA-
mKate2 localized to the nuclear periphery and formed foci within the nucleoplasm, probably 
due to the high level of overexpression. Interestingly I found that in this condition nuclear 
migration in LmnA-mKate2-positive cells was occasionally perturbed and nuclei would 
remain in sub-apical positions for up to four hours after S phase was completed. In some 
instances (Figure 11C, Movie 2), the overexpressing cells even underwent mitosis in sub-
apical position. The observed difficulties with apical migration, experienced upon 
overexpression of lamin A, suggest that the relatively low nuclear stiffness of neuroepithelial 
cells has a physiological function in facilitating nuclear translocation in the crowded PSE. 
 
3.2.2. Neuroepithelial nuclei can respond to applied forces by 
deformation 
The combination of results presented above: absence of lamin A/C from the nuclear 
lamina, deformations during apical movement and problems with movement upon Lamin A/C 
overexpression, suggested that neuroepithelial nuclei were flexible enough to deform as a 
result of the action of local forces. To test this hypothesis, I used a UV laser to sever the 
basal cell process of neuroepithelial cells (Figure 12A) and, thus, cause nuclei in the 
surrounding tissue to initiate local rearrangements. These movements were often 
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accompanied by strong, sometimes even dramatic changes in nuclear shape (Figure 12B, 
Movie 3). The initially ellipsoid nuclei would elongate strongly and move from their initial 
positions. The observed deformations could result from collisions with adjacent nuclei but 
also from rearrangements in the tissue that changed the local distribution of forces and 
tension. The retinal nucleus displayed in Figure 12B looks as if it might be experiencing 
suction towards the basal side of the PSE that could be caused by rearrangements of 
adjacent nuclei and sudden availability of more space in this region of the tissue. Nuclear 
deformations later recovered and nuclei were able to return to their typical ellipsoid shape. 
This demonstrated that neuroepithelial nuclei can display almost fluid-like behavior when 
subjected to local forces but are elastic enough to regain their initial shape.  
 
Figure 12: Neuroepithelial nuclei can deform in response to applied forces 
A) Laser ablation of the PSE and expected outcomes. Laser ablation was expected to cause 
redistribution of nuclei in the tissue. If nuclei were not deformable, it was expected that they 
would not change their shape significantly. In case nuclei were deformable, it was expected to 
observe deviations in their shape when forces were applied on them 
B) Experimental outcome of the laser ablation experiment. Nuclei in both hindbrain and retina 
demonstrated the ability to deform in response to perturbation with tissue integrity. Scale bar 5 
µm. 
 
3.2.3. Retinal nuclei deform more strongly during apical migration 
After verifying that neuroepithelial nuclei have lower stiffness and are deformable, I 
set out to test if nuclear deformations can be used as an indicator of the forces that propel 
the organelle in G2. To test if these forces lead to nuclear deformations, I analyzed the 
shapes of the nuclei, segmented in 3D to generate the kinetics analysis in 3.1.2. In S phase, 
segmented nuclei in both hindbrain and retina had elongated, ellipsoid shapes (Figure 13A). 
With the onset of G2 hindbrain nuclei retained their shape while the apico-basal length of 
nuclei in the retina seemed to decrease. In addition, the apex of retinal nuclei became more 
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pointed and their basal surface seemed to flatten. To quantify these changes in nuclear 
shape the aspect ratio of the organelle was analyzed before and after the onset of migration. 
The aspect ratio was defined as the ratio between the lengths of the short semi-axis and the 
long semi-axis of the organelle (Figure 13B). An ellipsoid was automatically fitted in the 
segmented volume of the nucleus in IMARIS and the semi-axis lengths were extracted. The 
change in aspect ratio was then assessed by subtracting the mean S-phase aspect ratio for 
each cell from the aspect ratio in each time point during migration and normalizing the result 
to the average S-phase aspect ratio. Aspect ratio changes from all analyzed cells were 
pooled and plotted. This analysis revealed that the aspect ratio of hindbrain nuclei remained 
unchanged with the onset of migration (with a mean change of 0.01  0.01) while the aspect 
ratio of retinal nuclei increased on average by 0.17  0.01 (Figure 13B). It is worth noting that 
the maximal change in nuclear aspect ratio in the hindbrain reached only 0.47 while in the 
retina it had a value of 1.36. This means that retinal nuclei undergo much more dramatic 
deformations compared to hindbrain nuclei. Although hindbrain and retinal nuclei are likely to 
have similar stiffness and mechanical properties, they deform differently as they move to the 
apical side. If similar forces were applied on organelles with similar mechanical properties, it 
would be expected for them to respond with a similar deformation. The distinct nuclear 
deformations observed during apical migration in hindbrain and retina strongly suggest that 
nuclei in these tissues are subjected to forces that act differently.   
 
Figure 13: Retinal nuclei deform more strongly during apical nuclear migration 
A) Representative images of segmentation of hindbrain and retinal nuclei during S phase and G2. 
B) Nuclear aspect ratio was defined as the ratio between the short and the long semi-axis of the 
nucleus. Analysis of the nuclear aspect ratio changes with respect to S phase demonstrates that 
retinal nuclei undergo stronger deformations during their movement to the apical side (0 
corresponds to the average aspect ratio during S phase). p< 0.0001, Mann-Whitney U. 
C) Graphs demonstrating the change in nuclear aspect ratio with time during apical nuclear 
migration. The last five minutes of G2 are omitted to exclude the period when the nucleus has 
already reached the apical side before onset of rounding. 
 
3.2.4. Deformation of ablated regions in the nucleus suggests that 
retinal nuclei are pushed to the apical side 
While the previous data suggested that different nuclear shape changes arise from 
the action of distinct forces that propel the nucleus in each tissue, the interpretation of how 
exactly these forces could act is less unambiguous. The absence of persistent nuclear shape 
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changes in the hindbrain could be explained by an even distribution of the forces that propel 
the organelle in G2. The shortening of the apico-basal axis of retinal nuclei could be 
interpreted as a result of a basal force that pushes the organelle in apical direction combined 
with collisions with adjacent more apically located nuclei. However, the pointed apex of 
moving retinal nuclei could mean that the organelle is actually being pulled to the apical side. 
 
 
Figure 14: Deformation of ablated regions in hindbrain and retinal nuclei 
A) Nuclear laser ablation and expected outcomes. A circular region is ablated in the nucleus and 
deviations of the circular shape are interpreted as an indication of pushing or pulling forces (in 
case of shortening or elongation of its apico-basal axis respectively).  
B) A representative image demonstrating the recruitment of PCNA at the sites of laser ablation. 
Scale bar 5 µm. 
C) Representative images demonstrating the absence of deformation in hindbrain nuclei in S and 
G2, as well as in S-phase retinal nuclei. Retinal nuclei in G2 displayed concave deformations on 
the basal surface of the nucleus in 50% of the cases (n=14, N=14). Scale bar 5 µm. 
 
To distinguish between pushing and pulling forces in the retina, I developed a laser 
ablation experiment in which a circular region was ablated in the center of the nucleus. Force 
application was then expected to lead to a shift in the distribution of chromatin. As the 
ablated circular region would be permanently bleached, any deviations from its original 
circular shape would suggest that at the moment of ablation a force was being applied on the 
nucleus. The expected outcomes of this experiment are presented in the schematic in Figure 
14A. In case the nucleus was pulled to the apical side, it was expected to observe elongation 
in the ablated nuclear region. If the organelle was pushed, it was expected to observe 
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shortening of the apico-basal axis of the ablated region. In the absence of forces or when all 
forces were distributed evenly, it was expected that the ablated region would remain circular.  
Nuclei were labelled with GFP-PCNA and H2B-RFP. GFP-PCNA was used as a cell 
cycle phase marker and to ensure that the nucleus was indeed ablated and not just 
bleached. PCNA is recruited to DNA breaks created upon laser ablation (Aleksandrov et al., 
2018) and a bright PCNA focus was observed in this nuclear region when laser cuts were 
successful (Figure 14B). Histone H2B was used to mark the chromatin and enable 
visualization of shifts in its distribution following force application.  
A circular region was ablated in the center of hindbrain and retinal nuclei in S or G2 
using a UV laser on a spinning disk system. Nuclei of each tissue were imaged prior to 
ablation to ensure they are in the correct cell cycle phase. Half of S-phase nuclei were 
ablated immediately. The rest were left to complete S phase and were ablated after the onset 
of G2. Nuclei were imaged for several minutes after ablation but the shape of the ablated 
regions was only considered in the first 30 seconds after ablation due to the assumption that 
later on the damage inflicted by laser ablation might lead to interruption of the force-
generating process. After ablation, it was observed that nuclear ablated regions during S 
phase in both hindbrain and retina remained circular (Figure 14C, Table 3). The lack of 
deformation was in agreement with the absence of force that drives directed nuclear 
migration in this cell cycle phase. 
The same result was observed for nuclei in G2 in the hindbrain (Figure 14C, Table 3). 
The absence of deformation of ablated regions in hindbrain nuclei might confirm the even 
distribution of the forces along the surface of the organelle during apical migration. 
In the retina, however, ablated nuclear regions shortened in apico-basal direction 
and, most notably, some of them even acquired an indentation on the basal surface of the 
nucleus (Figure 14C). This type of deformation was observed in 50% of the ablated G2 
nuclei in the retina and in none of the other samples (Table 3). This result strongly suggested 
that nuclei in the retina are subjected to pushing forces that propel them to the apical side in 
G2. These results confirmed that the forces that propel hindbrain and retinal nuclei in G2 
acted differently. To understand how these different forces arise in different neuroepithelia, it 
was essential to test if they were generated by the same or different cytoskeletal elements 
and what is the distribution of these cytoskeletal elements in cells of different neuroepithelia. 
 
 Hindbrain 
(S phase) 
Hindbrain 
(G2) 
Retina 
(S phase) 
Retina 
(G2) 
Deformation 
events 
0 out of 12 0 out of 10 0 out of 10 7 out of 14 
Table 3: Outcome of nuclear laser ablation experiments. 
Results 
 51 
 
3.3. Apical nuclear migration depends on actomyosin with distinct 
distribution in hindbrain and retina 
3.3.1. Apical nuclear migration in the hindbrain depends on actin and 
not on microtubules 
The differences in the kinetics of apical nuclear movement in hindbrain and retina 
made me hypothesize that apical migration could be driven by distinct forces, generated by 
different cytoskeletal elements. It was shown that apical nuclear migration in the retinal 
neuroepithelium is driven by actomyosin and occurs even in the absence of microtubules 
(Norden et al., 2009). However, so far it was not tested whether the same is true for the 
hindbrain. To test this idea, live imaging of hindbrain cells, treated with inhibitors of 
microtubule polymerization or actomyosin contraction, was performed in SDCM. In this 
experiment, SDCM was preferred because of the higher throughput that enables more 
efficient screening for phenotypes resulting from the drug treatments. To reduce the effect of 
phototoxicity lower temporal resolution of 5 minutes was used. GFP-PCNA-encoding mRNA 
was microinjected to label mosaically hindbrain nuclei and for use as a cell-cycle-phase 
marker (Figure 15A).  
To test if microtubule-dependent forces are involved in apical migration in the 
hindbrain, zebrafish embryos were incubated in 100 µM Colcemid to inhibit the 
polymerization of tubulin subunits, as previously described in (Norden et al., 2009). I found 
that microtubule depolymerization did not perturb apical migration in the hindbrain (Figure 
15B) as G2-nuclei were able to migrate to the apical side and cells underwent successful 
rounding. Many of these rounded cells, however, remained at the apical side for more than 
two hours, indicating that they were arrested in mitosis, unable to form a mitotic spindle as 
expected from a MT depolymerizing drug. The unperturbed apical migration upon efficient 
microtubule depolymerization showed that microtubules are dispensable for apical migration 
in the hindbrain. 
To test whether instead the actomyosin cytoskeleton is involved in force generation 
during apical migration in the hindbrain, I used 100 µM Blebbistatin, an inhibitor of non-
muscle myosin II, to perturb actomyosin network contractions, as previously described in 
(Norden et al., 2009). This treatment resulted in perturbation of apical nuclear migration in 
hindbrain progenitors. After entry in G2, the nuclei of the affected cells remained at basal 
positions for hours and were unable to undergo cell division (Figure 15C). These 
experiments demonstrated that apical nuclear migration depends on actomyosin in hindbrain, 
as well as in retinal progenitors. In addition, later experiments of inhibition of actin 
depolymerization and polymerization by combined treatment with Latrunculin A and 
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Jasplakinolide demonstrated that actin turnover is important for apical migration in both 
tissues, further confirming that the process is actomyosin-dependent (see 3.4.1). 
 
 
Figure 15: Perturbation of myosin interferes with apical nuclear migration in the 
hindbrain 
A) Representative time-series of control sample treated with DMSO shows normal apical nuclear 
migration in the hindbrain.  
B) Representative time-series of microtubule polymerization inhibition (100 µM Colcemid) shows 
unperturbed apical nuclear migration in the hindbrain. The observed mitotic arrest indicates that 
the Colcemid treatment efficiently inhibited microtubule polymerization. 
C) Representative time-series of myosin II activity inhibition (100 µM Blebbistatin) shows 
perturbation of apical nuclear migration in the hindbrain. The nucleus remains at basal positions 
(red arrowhead) for more than 6 hours after the completion of S phase. 
Scale bars 5 µm. 
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In conclusion, I showed that nuclei in the hindbrain and retina move to the apical side 
with different kinetics despite the fact that they are driven by the same cytoskeletal elements. 
This suggested that actomyosin likely generated distinct forces to propel nuclei to the apical 
side in hindbrain and retinal cells.  
 
3.3.2. Actin and myosin are locally enriched basally of the nucleus in 
retinal cells but not in hindbrain G2 cells 
To understand how actomyosin can generate distinct forces to move nuclei to the 
apical side in distinct ways in hindbrain and retina, it was crucial to study the distribution of 
actin and myosin in G2 cells during apical migration. To this end, I conducted live imaging 
experiments in which single neuroepithelial cells were labelled with CA-MRLC-GFP 
(constitutively active myosin regulatory light chain) or GFP-UtrophinCH (calponin homology 
domain (CH) of the actin binding protein utrophin. 
 
 
Figure 16: The distributions of active myosin and actin differ between hindbrain and 
retinal cells. 
A) Active myosin, labelled with CA-MRLC-GFP, displays even distribution within the cell volume 
in hindbrain cells (upper panel) and forms a cloud-like signal that follows the nucleus as it moves 
to the apical side in retinal cells (lower panel, white arrowhead). 
B) Actin, labelled with GFP-UtrophinCH, is enriched in the periphery of hindbrain cells during 
migration. Cytoplasmic enrichment of actin is observed basally of the nucleus as it moves to the 
apical side in retinal cells (white arrowhead). 
Scale bars 5 µm. 
 
CA-MRLC-GFP localizes at sites of active constriction and marks the active pool of 
myosin. Both in hindbrain and retinal cells myosin was brightest in the area of the apical belt, 
where epithelial cells have strong adhesion contacts, and on the basal side where they are 
attached to the basal lamina. In the hindbrain, the myosin signal seemed evenly distributed in 
S phase, while in G2 dynamic brighter myosin foci were occasionally observed apically of the 
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nucleus. In the retina, CA-MRLC-GFP was visible as bright dynamic foci basally of the 
nucleus in the periphery of the cell in S phase. In G2 this activity became reduced. Subtler 
cytoplasmic cloud-like myosin signal remained basally of the nucleus and followed it on its 
way to the apical side (Figure 16A). Such basal myosin signal was not observed in hindbrain 
G2 cells. 
GFP-UtrophinCH labels filamentous actin. Like active myosin, actin was enriched in 
the apical belt and at the attachment to the basal lamina. In the hindbrain in both S phase 
and G2 actin was predominantly found at the cell periphery (most likely cortical) and 
occasionally in the cytoplasm where it had relatively low intensity. In retinal cells actin was 
strongly enriched in the basal process. During apical nuclear migration accumulations of 
cytoplasmic actin with high fluorescence intensity were observed basally of the nucleus 
(Figure 16B, Movie 4). Actin enrichment was not constant but fluctuated and followed the 
organelle during its movement to the apical side. Such enrichment of cytoplasmic actin was 
not observed in hindbrain where actin remained confined mainly to the periphery of the cell 
(Figure 16B, Movie 4).  
The presented single-cell analysis of actin and myosin distribution demonstrated that 
the cytoskeletal elements responsible for force generation in apical nuclear migration are 
localized differently in hindbrain and retinal cells and, thus, generate different forces that 
move nuclei to the apical side. 
 
3.4. Apical nuclear migration is regulated differently in hindbrain 
and retinal cells  
To find out how nuclei are transported differently to the apical side in different 
neuroepithelia, it was necessary to understand how the distinct actomyosin distributions arise 
in the hindbrain and the retina. To this end, it was important to study how actomyosin is 
regulated in each tissue. Actin distribution and myosin activity are controlled by a large 
number of proteins, among which actin nucleators, promoters of filament elongation, 
severing and crosslinking proteins, that are responsible for the generation of the underlying 
actin network, as well as GTPases and their effector kinases that regulate the activity of 
myosin. To understand if apical migration is regulated differently in hindbrain and retina, it 
was essential to gain insights into the molecular regulation of the process and what 
additional proteins could be involved in the control of actomyosin.  
 
3.4.1. Initial screening for possible actomyosin regulators of apical 
nuclear migration 
To find potential actomyosin regulators that could be involved in the process, I 
conducted a small-scale pharmacological drug screen to test the effect of inhibitors of 
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different aspects of actomyosin dynamics on apical nuclear migration. To do this, ideally, one 
can conduct live imaging and identify the samples in which nuclei are not able to move to the 
apical side in G2 or undergo mitosis in sub-apical positions. However, such live-imaging 
pharmacological screen would have very low throughput and would take too long even at 
small scale. To increase the efficiency of screening and to be able to test a greater number 
of conditions and concentrations, instead of using live imaging, I conducted the 
pharmacological screen in fixed samples. To this end, zebrafish embryos were treated with 
pharmacological inhibitors of actomyosin regulators for three hours, the samples were fixed, 
stained for actin (using fluorescently labelled phalloidin), mitotic cells (immunostained for 
phospo-histone H3, a mitotic cell marker) and nuclei (DAPI), and then imaged using a laser-
scanning confocal microscope (LSCM) (Figure 17A). A decreased number of mitotic cells on 
the apical side and/ or increased number of mitotic cells located in sub-apical positions 
compared to the control were used as indicators that apical nuclear migration was perturbed 
by the drug treatments. A caveat of this approach is that it was possible that the reduced 
numbers of apical mitotic cells could be a result of the perturbation of overall cell cycle 
progression of neuroepithelial progenitors. Thus, the pharmacological screen in fixed 
samples was used to select promising candidates to be later tested thoroughly using live 
imaging. 
 
 
Figure 17: Small-scale pharmacological screen to find possible regulators of apical 
migration in zebrafish hindbrain and retina 
A) Experimental outline. Embryos were incubated with inhibitors of different aspects of 
actomyosin dynamics for 3 hours, then fixed and immunostained to label mitotic cells. Examples 
of an apical mitotic cell (arrowhead) and basal mitotic cell (arrow) are shown. 
B) Number of apical and basal mitoses per 105 µm3 in the hindbrain. Mean  SEM. 
C) Number of apical and basal mitoses per retina. Mean  SEM. 
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The number of apical (arrowhead, Figure 17A) and sub-apical mitotic cells (arrow, fig. 
Figure 17A) was quantified in hindbrain and retina in each condition. The quantification was 
made per volume of 105 µm3 in the hindbrain in a single PSE layer between the otic vesicles, 
while for the retina it was calculated as number of mitotic cells per retina. Mitotic cells were 
quantified in 7-10 PSE layers from 5 different embryos per condition for hindbrain and in 4-6 
retinas from different embryos per condition. The number of mitotic cells did not differ 
significantly between the treated embryos and the controls for all shown samples but even 
smaller deviations were considered as possible indications of an effect to be tested more 
thoroughly using live imaging. The drug screen aimed at perturbing different aspects of 
actomyosin dynamics, such as actin nucleation and elongation, turnover, and myosin activity. 
Main targets in the drug screen are cytoskeletal regulators, such as RhoA and Cdc42 
GTPases and some of their downstream effectors, such as Rho-kinase, formins, and Arp2/3.  
Table 2 (see 2.1.6.c) contains information about the pharmacological inhibitors used, their 
molecular targets and the final working concentrations. Omitted in the graph are the 
quantifications for the pharmacological inhibitors that did not show an effect on apical 
migration. For them it could not be excluded that the concentrations tested were not optimal. 
In these cases, the lack of effect was considered not to be a convincing evidence that the 
target of this inhibitor is not involved in the process. 
The results of the pharmacological screen are presented in Figure 17B. The inhibitor 
of non-muscle myosin II, Blebbistatin, was used as a positive control for the effect of the drug 
treatments, as it was previously shown convincingly that this inhibitor perturbs apical nuclear 
migration (Norden et al., 2009) and that it can cause sub-apical mitoses (Strzyz et al., 2015). 
In the hindbrain, Blebbistatin lead to a slight decrease in the number of apical mitotic cells 
(from 10.3  1.6 to 7.2  1.3 cells per 105 µm3) but increased the number of basal mitotic cells 
significantly (from 0.1  0.1 to 0.9  0.3 per 105 µm3). In the retina, Blebbistatin treatment lead 
to a strong reduction in the number of apical mitoses (from 65.5  11.1 to 21.8  4.5 per 
retina) and a modest increase in the number of basal mitoses (from 0 to 1.2  0.7 per retina). 
These results demonstrated that the number of apical and sub-apical mitotic cells could be 
used to estimate the effect of drug treatments on apical migration and confirmed that myosin 
activity is necessary for apical migration both in hindbrain and retina.  
One of the major pathways that lead to activation of myosin, is the Rho-GTPase – 
Rho-kinase pathway. Inhibition of RhoA-GTPase and Rho-kinase led to a reduction in the 
number of apical mitoses in both tissues. RhoA-GTPase inhibition by Rhosin lead to a 
reduction in the number of apical mitoses from 10.3  1.6 to 4.0  1.6 per 105 µm3 in the 
hindbrain and from 65.5  11.1 to 11.3  4.4 per retina. The effect of Rho-kinase inhibition by 
Rockout in both tissues was comparable. 
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Embryos were also treated with a combination of an inhibitor of actin 
depolymerization (Jasplakinolide) and of actin polymerization (Latrunculin A) to ‘freeze’ the 
structure of the actin network (inspired by the pharmacological cocktail used in (Peng et al., 
2011). In the absence of actin polymerization and depolymerization the number of apical 
divisions decreased in both hindbrain (from 10.3  1.6 down to 3.4  0.7 per 105 µm3) and 
retina (from 65.5  11.1 down to 6.5  4.6 per retina). In addition, an increase in the number of 
sub-apical divisions was observed in the hindbrain (from 0.1  0.1 to 1.0  0.4 per 105 µm3), 
an effect that was negligible in the retina. The use of Jasplakinolide alone had less dramatic 
effects although it also led to a reduction in the number of apical mitoses in both tissues 
(from 10.3  1.6 down to 7.9  0.7 per 105 µm3 in hindbrain and from 65.5  11.1 down to 11.4 
 4.8 per retina). Few sub-apical divisions were observed in the retina but not in the hindbrain 
in this condition. Latrunculin A treatment alone was too harsh and led to zebrafish embryo 
decomposition. Instead, the effect of inhibition of actin polymerization was tested using 
Cytochalasin D, a compound that blocks the addition of new monomers to the barbed end of 
actin filaments and prevents their growth. The action of Cytochalasin D is milder compared to 
latrunculin A, that sequesters all actin monomers. Cytochalasin D also caused reduction in 
the number of apical mitoses, more pronounced in retina (65.5  11.1 down to 26.8  4.8 per 
retina) than in the hindbrain (from 10.3  1.6 down to 7.3  1.0 per 105 µm3). These results 
suggested that actin polymerization is important for apical nuclear migration in both tissues 
but even more pronounced in the retina. To find out which actin nucleators might be 
important for actin growth during apical migration, inhibitors of two of the major actin 
nucleators, Arp2/3 and formins, were also tested. Inhibition of Arp2/3 by CK-666 lead to a 
strong reduction in the number of apical mitotic cells in the retina (from 65.5  11.1 down to 
33.0  10.3 per retina) and had a subtler effect in the hindbrain (from 10.3  1.6 down to 7.2  
0.8 per 105 µm3). Similar results were acquired by inhibiting formin-dependent-actin 
nucleation with SMIFH2 but the reduction of apical mitoses in the retina was stronger (from 
65.5  11.1 down to 18.5.0  6.7 per retina).  
The pharmacological screen enabled us to narrow down the number of candidates 
that could be involved in force generation during apical migration in hindbrain and retina to 
be tested using live imaging. Importantly, it made it possible to test for an effect of a greater 
number of candidates than would have been possible for the same amount of time using live 
imaging. The effects observed in this initial efficient screening for possible regulators of 
apical migration in hindbrain and retina needed to be verified using live imaging, but the 
insights gained from this experiment were essential for reducing the number of candidates to 
be tested live. In addition, the fact that one tissue was affected more strongly than the other 
by some of the treatments already indicated that different regulators of actomyosin are 
probably more important for apical migration in hindbrain and others, in retinal cells. 
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Figure 18: Live imaging of the effect on apical nuclear migration of perturbation with 
different actomyosin regulators 
A) Representative time-series of control samples in hindbrain (left panel) and retina (right panel) 
treated with DMSO show normal apical nuclear migration. 
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B) Representative time-series of RhoA-GTPase inhibition (200 µM Rhosin + 50 µM Y16) shows 
perturbation of apical nuclear migration in the hindbrain (red arrowhead). RhoA-GTPase inhibition 
did not perturb nuclear movements in the retina. 
C) Representative time-series of Rho-kinase inhibition (125 µM Rockout) shows perturbation of 
apical nuclear migration in the hindbrain (red arrowhead). Rho-kinase inhibition did not perturb 
nuclear movements in the retina. C’) Quantification of the percentage of G2 cells in each imaged 
embryo that do not reach the apical side in this condition. p(hindbrain)=0.0022, Mann-Whitney U. 
D) Representative time-series of Arp2/3 inhibition (200 µM ck-666). The treatment did not perturb 
nuclear movements in the hindbrain and the retina. D’) Quantification of the percentage of G2 
cells in each imaged embryo that do not reach the apical side in this condition. 
E) Representative time-series of formin inhibition (15 µM SMIFH2) shows perturbation of apical 
nuclear migration in the retina (red arrowhead). Formin inhibition did not perturb nuclear 
movements in the hindbrain. E’) Quantification of the percentage of G2 cells in each imaged 
embryo that do not reach the apical side in this condition. p(retina)=0.0004, Mann-Whitney U. 
Scale bars 5 µm. 
 
3.4.2. Apical nuclear migration is controlled by different actomyosin 
regulators in hindbrain and retinal cells 
In the pharmacological perturbation experiments, analyzed in fixed samples, a 
reduction in the number of apical mitoses was considered an indication that apical nuclear 
migration was inhibited. This analysis indicated that RhoA-GTPase – Rho-kinase-dependent 
contractility and actin nucleation by formins or Arp2/3 could be involved in apical nuclear 
migration.  While fixed samples analysis provided great initial insight into which candidates 
could be involved in the process, it was important to validate these results using live imaging 
to ensure that the observed reduced numbers of apical mitotic cells were not a consequence 
of the perturbation of overall cell cycle progression of neuroepithelial progenitors or general 
sample health deterioration. 
Live imaging experiments of pharmacological inhibitions were conducted in a SDCM 
with low temporal resolution (5-6 minutes). Embryos were mosaically labelled with GFP-
PCNA (Figure 18A). The importance of the Rho-GTPase - Rho-kinase pathway for apical 
nuclear migration was initially probed by live imaging of samples, treated with RhoA-GTPase 
inhibitors (200 µM Rhosin combined with 50 µM Y16) (Figure 18B). This treatment resulted in 
inhibition of apical nuclear migration only in the hindbrain but not in the retina. Furthermore, 
inhibition of Rho-kinase activity using Rockout had the same effect (Figure 18C). The total 
number of nuclei that complete S phase was quantified in each sample in this condition and 
the percentage that could not reach the apical side until the end of the movie and for more 
than two hours was calculated (Figure 18C’). In affected hindbrain samples (N=6), an 
average of 18.6  3.1% of the nuclei (n(total)=250) that complete S phase did not manage to 
reach the apical side. Instead, these nuclei underwent divisions at sub-apical positions. N=2 
hindbrain samples were not affected by the pharmacological perturbation and were not 
included in the quantification. In contrast, all retinal nuclei that we observed that entered G2 
were able to migrate to the apical side (N=10, n(total)=141). These results indicated that apical 
migration depended on Rho-kinase-dependent contractility in hindbrain but not in retinal 
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neuroepithelia. It is important to note that Rho-kinase activity is needed for cell cycle 
progression (Croft and Olson, 2006). The observed reduction of the number of apical mitotic 
cells in the retina, could thus be explained by a possible side effect of Rho-kinase inhibition 
leading to perturbed cell cycle progression and an overall reduction of the number of 
proliferating cells.  
While Rho-kinase-dependent actomyosin contractility was important for apical nuclear 
migration in the hindbrain, from the results of the drug screen it seemed that actin nucleation 
by Arp2/3 could be important for the process in both tissues. Surprisingly, live imaging 
showed that pharmacological inhibition of Arp2/3 using the inhibitor ck-666 did not affect 
apical nuclear migration in any of the tissues, except in one outlier embryo in the hindbrain 
(n=38 in N=5 embryos for hindbrain and n=68 in N=9 embryos for the retina) (Figure 18D, 
D’). The observed reduction in the number of apical mitotic cells in the drug screen could be 
an indirect effect of the reduction of the numbers of cells that successfully progress through 
S phase as there is evidence that Arp2/3 inhibition can sensitize cells to replication stress 
(Schrank et al., 2018).  
Inhibition of formins using the pan-formin inhibitor SMIFH2 in the pharmacological 
screen indicated that apical migration in the retina depends more strongly on formins than in 
the hindbrain. Live imaging of SMIFH2 treatment in both tissues demonstrated that an 
average of 36.5  7.4% of all retinal cells that complete S phase in each treated embryo were 
unable to move to the apical side (n(total)=43 in N=9 embryos; N=16 embryos were unaffected 
by the drug treatment and excluded from the quantification) (Figure 18E, E’). The general 
inhibition of formins with SMIFH2 did not lead to mitoses in sub-apical positions, likely due to 
the inability of affected cells to form a functional contractile ring. All hindbrain cells treated 
with SMIFH2 were able to move to the apical side and undergo apical mitosis (n=31 in N=5 
embryos). These results demonstrated that apical nuclear migration in the retina, but not the 
hindbrain, relies on formin-dependent actin nucleation. The reduction of the number of apical 
mitotic cells observed in the hindbrain upon formin inhibition in the pharmacological screen 
could be explained by inhibition of proliferation due to perturbation with other functions 
carried out by formins. An example for such function is the initiation of DNA replication where 
formin activity was shown to be needed for loading of replication factors on the chromatin 
(Parisis et al., 2017).  
To ensure that the observed effects of actomyosin regulator perturbation resulted 
from specific inhibition of apical nuclear migration, I injected dominant negative constructs to 
perturb the function of the target proteins. The dominant negative constructs were expressed 
mosaically in neuroepithelial cells and apical nuclear migration was imaged live. All dominant 
negative constructs were injected at 1-cell stage as DNA under heat shock promoter, 
together with PCNA heat shock constructs used as a cell cycle marker. The embryos were 
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heat shocked at 17 hpf to start live imaging at 18-19 hpf in the hindbrain and at 23 hpf to start 
live imaging at 24-25 hpf in the retina. As genetic perturbations have a lower throughput, only 
the number of instances where perturbation of apical migration is observed, is pointed out.  
To test if RhoA-GTPase – Rho-kinase-dependent contractility is important for apical 
nuclear migration, Rho-kinase activity was perturbed by overexpression of a dominant 
negative Rok2 (DN-Rok2-EGFP). DN-Rok2-EGFP consists only of the inhibitory C-terminal 
domain of Rok2 and acts by binding to the endogenous protein and effectively deactivating it 
(Marlow et al., 2002). Figure 19B shows montages of representative time-series of a 
hindbrain and retinal cell overexpressing DN-Rok2-EGFP and GFP-PCNA. Both cells 
successfully completed S phase, indicated by the disappearance of the PCNA foci from the 
nucleus. In certain instances, hindbrain nuclei were unable to move to the apical side and 
remained basal until the end of the movie, more than six hours after the onset of G2 (n=5 
from N=4 embryos). In contrast, nuclei in retinal DN-Rok2-EGFP-positive cells underwent 
successful apical migration (n=14 from N=10 embryos), as illustrated by the montage in 
Figure 19B. 
The role of Arp2/3-dependent actin nucleation was tested by genetic perturbation of 
N-WASP by overexpression of the fluorescently tagged C-terminal domain of the protein 
(mKate2-NWASP-CA). N-WASP is an activator of Arp2/3 and the truncation acts as 
dominant negative by binding to Arp2/3 without activating the complex (Rohatgi et al., 1999) 
Figure 19C shows the inhibition of Arp2/3 in cells overexpressing mKate2-NWASP-CA and 
PCNA-EGFP. In both hindbrain (n=15 in N=3 embryos) and retina (n=15 in N=6 embryos) 
the inhibition of Arp2/3 did not have any effect on apical nuclear migration, as observed also 
upon pharmacological inhibition. 
While it was easy to find an upstream regulator of Arp2/3 to inhibit this protein 
complex genetically, formins are a diverse protein family, with varied domain structure and 
regulation. Thus, it was important to find which formin might be involved in apical migration 
and inhibit it specifically. One suggestion came from a transcriptomics analysis (Sidhaye and 
Norden, GSE124779) that showed Fmnl3 (formin-like 3 protein) to be highly expressed in 
retinal tissue. Fmnl3 was genetically perturbed of by overexpression of Fmnl3ΔC-EGFP 
(Phng et al., 2015). Fmnl3ΔC-EGFP lacks the catalytic C terminus FH1, FH2, and DAD 
domains and was shown to act in a dominant negative way, inhibiting the functions of 
endogenous Fmnl3. Figure 19D shows time-series of a hindbrain and a retinal cell that 
overexpress Fmnl3ΔC-EGFP and mKate2-PCNA. The Fmnl3ΔC-EGFP-positive hindbrain 
cell was able to migrate to the apical side and undergo mitosis (observed in n=7 cells from 
N=4 embryos). In contrast, we observed retinal nuclei that remained basal for hours (n=5) or 
even underwent sub-apical mitosis (n=18 in N=10 embryos), demonstrating that Fmnl3 
activity is important for apical migration only in retinal and not in hindbrain cells. 
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Figure 19: Effect of genetic perturbation with different actomyosin regulators on apical 
nuclear migration 
A) Representative time-series of control samples labelled with Ras-mKate2 (cell border) and 
GFP-PCNA (nuclei), both shown in gray, in hindbrain (left panel) and retina (right panel) show 
normal apical nuclear migration. 
B) Representative time-series of Rho-kinase inhibition by overexpression of DN-Rok2-EGFP 
shows perturbation of apical nuclear migration in the hindbrain (red arrowhead) but not in the 
retina. Perturbed apical migration often resulted in rounding in basal positions and inability to 
divide. 
C) Representative time-series of Arp2/3 inhibition by overexpression of CA-N-WASP-mKate2. 
Nuclear movements in the hindbrain and the retina were not perturbed. 
D) Representative time-series of Fmnl3 inhibition by overexpression of a truncated Fmnl3ΔC-
EGFP shows perturbation of apical nuclear migration in the retina (red arrowhead). Occasionally, 
inhibition resulted in non-apical mitoses. Fmnl3 inhibition did not perturb nuclear movements in 
the hindbrain.  
Scale bars 5 µm. 
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Based on these experiments I concluded that Rho-kinase-dependent contractility is 
important for apical nuclear migration in hindbrain while formin-dependent actin nucleation is 
essential for apical nuclear migration in the retina. The observed differences between the 
kinetics, force action, actomyosin distribution and regulation during apical nuclear migration 
in hindbrain and retina, argued that actin and myosin generate different forces in distinct 
manners to propel nuclei to the apical side before mitosis. It is remarkable that the same 
cytoskeletal elements use distinct mechanisms to achieve the same final goal in such similar 
tissues, located inside the same developing embryo. The existence of more than one 
mechanism of apical nuclear migration emphasizes the importance of the process for correct 
PSE development. Moreover, it raises the question what differences between these 
neuroepithelia lead to the differences observed in apical nuclear migration in hindbrain and 
retinal cells. 
 
3.5. Cells of neuroepithelia with distinct curvature use different 
mechanisms of apical migration  
Despite the fact that hindbrain and retinal nuclei reside in tissues with common 
pseudostratified architecture in such close proximity in the same organism, they use distinct 
mechanisms of actomyosin-dependent force generation to move to the apical side. How can 
this phenomenon be explained? The actin cytoskeleton, that has the leading role in apical 
nuclear migration in retinal and hindbrain neuroepithelia, also actively generates, senses, 
and regulates cell shape, as well as tissue shape (see 1.1.2). This suggests that actin can 
link two seemingly separate physiological processes like tissue curvature formation and the 
mechanism of apical nuclear migration. Interestingly, we observe that actin is distributed and 
regulated differently in hindbrain and retina during apical nuclear migration and the curvature 
of the tissues is obviously different. This suggests that the different distribution of actin and 
myosin could be related to both the mechanism of apical migration and to the generation of 
cell and tissue shape. To test if this relationship existed and could be decisive for the way 
nuclei move, we characterized apical nuclear migration in tissues with shape close to those 
of hindbrain and retina. To find neuroepithelia that showed similar tissue/ cell shape 
parameters, we compared the tissue-wide actomyosin distribution of hindbrain and retina, 
their overall curvature, cell length, and apical-to-basal footprint aspect ratios. 
 
3.5.1. Tissue-wide contractile actomyosin that is enriched basally in 
the retina, is absent in the hindbrain 
Actin and myosin have been shown to be important for the generation of the curved 
shape of the retina. Actin and myosin were shown to be enriched on the basolateral side of 
retinal cells tissue-wide (Matejcic et al., 2018; Sidhaye and Norden, 2017). This accumulation 
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of contractile actin leads to constriction of the basal cell process and is necessary for the 
efficient generation of optic cup curvature in earlier developmental stages (Nicolas-Perez et 
al., 2016; Sidhaye and Norden, 2017). After the formation of the optic cup and before the 
onset of neurogenesis the enrichment of basolateral actin in retinal cells leads to the 
formation of a basal nuclear exclusion zone (Matejcic et al., 2018). Basal cell processes in 
the retina are constricted and nuclei cannot reach the most basal positions in the tissue. The 
existence of such basal nuclear exclusion zone is a likely explanation for the prevalent more 
apical positions in which retinal nuclei initiate apical migration (Figure 10B). Although there 
are studies of the role non-muscle myosin II inactivation plays in hindbrain ventricle opening 
(Gutzman and Sive, 2010), a thorough quantification of the distribution of actomyosin in the 
hindbrain is still lacking. To compare the distribution of actin and active myosin between 
hindbrain and retina, I reproduced in both tissues the analysis of actomyosin and nuclear 
distribution, previously conducted only in the retina, (Matejcic et al., 2018; Sidhaye and 
Norden, 2017). To this end, I measured the signal intensity of fluorescently labelled actin 
(stained with phalloidin), active myosin (immunostaining against phorsphorylated non-muscle 
myosin II) and nuclei (DAPI) along the apico-basal axis in the hindbrain and the retina 
(Figure 20A). The signal intensity was measured in a cuboid with dimensions 10 µm x 10 µm 
x apico-basal tissue thickness at the region of interest using a custom-made Python script for 
Fiji. The regions of interest were always selected in the area between the proximal and 
temporal regions of the retinal neuroepithelium and at the middle of the portion of the 
hindbrain neuroepithelium that lies next to the otic vesicle. The signal intensity was 
normalized to the minimal and maximal intensity and plotted against the position along the 
apico-basal axis (starting from 0 for the basal side and ending at 100 for the apical side). To 
get a quantitative measure of the extent of actomyosin enrichment on the basal side of the 
hindbrain and the retina, I compared the basal-to-apical position at which the actomyosin 
signal becomes less prominent than the nuclear signal in each tissue (Figure 20B). The 
actin-nuclear crossover point is located at 9% of the basal-to-apical position for hindbrain 
cells and at 29% for retinal cells. These values correspond to 3,62 µm and 13,38 µm of the 
thickness of the tissue respectively. Similar are the values for the position of the crossover 
point between myosin and nuclear signal (10% or 4,53 µm in the hindbrain and 32% or 14,76 
µm in the retina). In each tissue the enrichment of actin overlaps with the enrichment of 
myosin. Furthermore, the analysis of tissue-wide actomyosin distribution indicated that the 
enrichment of contractile basal actin present in the retina is absent in the hindbrain. This 
finding is in agreement with the obvious absence of curvature in the hindbrain and therefore, 
lack of basal constriction or nuclear exclusion zone.  
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Figure 20: Tissue-wide distribution of actin and myosin in hindbrain and retina 
A) Immunofluorescence of phospho-myosin and phalloidin demonstrates that actin and myosin 
are enriched in the basal portion of the retinal neuroepithelium. Such enrichment is not observed 
in the hindbrain. Scale bars 10 µm. 
B) Quantification of the fluorescence intensity of nuclear (magenta), phospho-myosin (green) and 
actin (blue) signal against the distance between the basal (0) and the apical (100) surface shown 
as percentage of the apico-basal axis length. The position of the cross-over point between the 
curves of nuclear and actin signal is located farther from the basal surface in the retina than in the 
hindbrain. This indicates that the basal enrichment of actomyosin present only in the retina. Data 
points presented are mean  SD. 
 
3.5.2. Tissue curvature and cell shape differ between hindbrain and 
retina 
To test if parameters related to the geometry of the tissue and, consequently, cell 
shape could be linked to the observed differences in the mechanism of apical migration, I 
decided to compare how the process occurred in other pseudostratified epithelia that had 
similar curvatures to hindbrain and retina respectively. To be able to do that, I had to make 
sure these epithelia would be similar enough and first characterized the geometric 
characteristics of hindbrain and retinal neuroepithelia.  
Tissue thickness was quantified by measuring the length of single labelled cells in the 
hindbrain and the retina. Cell border was labelled with GFP-UtrophinCH. The distance 
between the apical and the basal footprint was measured at the final timepoint of S phase in 
3D in IMARIS 8 or 9 (Bitplane). This measurement showed that hindbrain and retinal cells 
have comparable lengths, 45.32  1.16 µm in the hindbrain and 46.13  1.32 in the retina 
(Figure 21A). Hence, this parameter cannot be the reason underlying the distinct 
mechanisms of apical migration in both tissues. 
A parameter that obviously differs between hindbrain and retina is tissue shape. To 
quantify this difference, I measured the total apical and basal area of each tissue and 
calculated the ratio between them (nHB=6; nR=8). For straight tissues the ratio between apical 
and basal area is expected to be close to 1. For tissues with positive curvature, where the 
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apical area is higher than the basal area, the ratio would be >1. For tissues with negative 
curvature, where the apical area is smaller than the basal area, such ratio would be <1. To 
visualize the borders of the tissues, the samples were stained with phalloidin, imaged using a 
LSCM, and the apical and basal surface were segmented in 3D using a custom Fiji tool 
(Volume Manager, by Robert Haase, Scientific Computing Facility, MPI-CBG). The area of 
the segmented surfaces was quantified. This measurement showed that the hindbrain has a 
mean apical surface area of 4123  165 µm2 and a mean basal surface area of 3977  179 
µm2. In contrast, the retina has a mean apical surface area of 15182  819 µm2 and a mean 
basal surface area of 6912  264 µm2 (Figure 21B). The mean curvature (apical-to-basal 
surface ratio) of the hindbrain is 1.04  0.05, as expected for a straight tissue, and the 
hemispheric retina has a curvature of 2.19  0.09 (Figure 21C).  
 
Figure 21: Characterization of tissue and cell shape in hindbrain and retina 
A)  Hindbrain and retinal cells have similar cell length. Mean  SEM. 
B) Analysis of the total apical and basal surface area of sections from the hindbrain and the 
retina. 
C) Tissue curvature (the ratio between the apical and basal area of sections from the tissue) 
differs between hindbrain and retina. Mean  SEM. 
D) Analysis of the apical and basal footprint area of hindbrain and retinal cells. 
E) Analysis of the apical-to-basal footprint ratio of hindbrain and retinal cells demonstrates that 
their cells shapes differ significantly. 
 
Tissue shape differences are often related to differences in the shape of the cells 
residing in the tissue. To examine how tissue shape differences were reflected by the 
variable shapes of single cells residing in the crowded PSE, I measured the areas of the 
apical and basal footprint of single hindbrain and retinal progenitors. This measurement was 
performed by semi-automatic segmentation of the footprint areas in 4-10 timepoints, one 
minutes apart, of time-series of neuroepithelial progenitors in S phase. The mean apical 
footprint area measured in hindbrain was 66.09  2.69 µm2, while the mean basal footprint 
area was 58.75  3.41 µm2 (Figure 21D). In the retina, the mean apical footprint area 
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measured was 82.67  2.90 µm2 and the mean basal footprint area was 37.47  1.42 µm2 
(Figure 21D). The apical cell footprint has a larger area than the basal one, rendering the 
cells cone-shaped. This most likely results from the fact that cells are basally constricted in 
order to generate the curvature of the tissue. Interestingly, the apical process of retinal cells 
has larger surface area compared to the apical process of hindbrain cells. Similar apical 
expansion was shown to accompany basal process constriction in cells of the midbrain-
hindbrain boundary constriction (MHBC) (Gutzman et al., 2018). Based on the mean apical 
and basal footprint area and cell length, the total cell surface area and volume can be 
calculated using the formulas for surface area and volume of a frustum. These calculations 
demonstrate that cells in both tissues have similar total surface areas (1393 µm2 for 
hindbrain cells and 1362 µm2 for retinal cells) and volumes (2811 µm3 in hindbrain and 2689 
µm3 in retina). The conserved volume and total surface area of hindbrain and retinal cells 
suggest that the measured apical footprint expansion in retinal cells could serve to 
compensate for the constriction of the basal cell footprint, keeping the overall area and 
volume of the cell constant. The apical-to-basal footprint ratio for hindbrain cells was 
calculated to be 1.25  0.06 as opposed to 2.32  0.11 for retinal cells (Figure 21E). The 
difference in cell apical-to-basal footprint ratio between hindbrain and retina demonstrated 
that the existing differences in tissue curvature are also translated at the single-cell level.  
 
3.5.3. Characterization of the straight and the curved regions of the 
MHB 
The midbrain–hindbrain boundary (MHB) is the site of one of the earliest bends in the 
developing brain and functions as an embryonic organizing center (Gutzman et al., 2008). 
The MHB undergoes basal constriction between 17 hpf and 24 hpf. The deepest point of the 
MHB bend is termed MHBC (Figure 22A). MHBC formation was shown to depend on laminin 
signaling (Gutzman et al., 2008), myosin-dependent cell shortening and basal thinning 
(Gutzman et al., 2015). Adjacent to this narrow constriction are relatively short straight arms 
that further transition to the areas that later form the midbrain and the hindbrain ventricles. 
These straight arms from now on will be referred to as MHBS (for midbrain-hindbrain 
boundary straight regions) (Figure 22A). 
To be able to compare hindbrain and retina with MHBS and MHBC respectively, I had 
to make sure that the two straight and the two curved tissues are similar enough. To this end, 
I quantified the distribution of actomyosin in the two MHB regions and measured the length 
and footprint ratios of the cells that reside in them. 
The distribution of actomyosin was measured along the apico-basal axis in fixed 
samples (Figure 22B), similar to the analysis conducted in hindbrain and retina (in 3.5.1). 
The crossover point between actin and nuclear signal was located at 11% of the basal-to-
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apical position for MHBS cells and at 20% for MHBC cells (Figure 22C). These values 
correspond to 4.57 µm and 7.66 µm of the thickness of the tissue respectively. Similar are 
the values for the position of the crossover point between myosin and nuclear signal (13% or 
5.40 µm in the MHBS and 25% or 9.58 µm in the MHBC). Again, in all tissues I observed an 
overlap between the enrichments of actin and myosin. In agreement with the previous 
observations (Matejcic et al., 2018; Sidhaye and Norden, 2017), the accumulation of the 
contractile pool of actin is only observed in curved but not in straight neuroepithelia. 
 
 
Figure 22: Characterization of the straight and curved regions of the MHB 
A) Localization of the straight (MHBS) and curved (MHBC) regions of the midbrain-hindbrain 
boundary in the zebrafish embryo.  
B) Immunofluorescence of phospho-myosin and phalloidin demonstrates that actin and myosin 
are enriched in the basal portion of the MHBC (lower panel, region highlighted by an arrowhead). 
Such enrichment is not observed in the MHBS (upper panel). Scale bars 5 µm. 
C) Quantification of the fluorescence intensity of nuclear, phospho-myosin and actin signal 
indicates that MHBS and hindbrain, as well as MHBC and the retina are characterized with 
similar distribution of actomyosin. Data points presented are mean  SD. 
D) MHBS and MHBC cells have comparable cell length. 
E) Analysis of the apical and basal footprint area of MHBS and MHBC cells. 
F) Analysis of the apical-to-basal footprint ratio of MHBS and MHBC cells demonstrates that their 
cells shapes differ significantly but are similar to those of hindbrain and retina respectively. 
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In addition, MHBS cells have a mean length of 38.27  1.63 µm, while MHBC cells 
have a mean length of 41.54  1.88 µm (Figure 22D). Although MHBS and MHBC cells are 
slightly shorter than hindbrain and retinal cells, these measurements demonstrated that 
within the MHB cells have comparable lengths.  
Next, to characterize the shape of the cells residing in different regions of the MHB 
and compare them to hindbrain and retina, I measured their apical-to-basal footprint ratio and 
cell length. The analysis of apical and basal footprint area showed that MHBS cells have a 
mean apical footprint area of 63.42  3.17 µm2 and their basal footprint area is 46.89  1.89 
µm2 (Figure 22E). In contrast, while the apical footprint area of MHBC cells is 80.77  4.35 
µm2, their basal footprint area is 41.48  2.63 µm2 (Figure 22E).  The relatively large surface 
area of the apical footprint in the MHBC was in agreement with the apical expansion, 
reported in (Gutzman et al., 2018) and observed in retinal cells. Based on these 
measurements, the calculated total surface area of MHBS cells is 1197 µm2, as opposed to 
1170 µm2 for MHBC cells. The calculated volume of MHBS cells is 2137 µm3, surprisingly 
close to that of their constricted neighbors in the MHBC with calculated volume of 2335 µm3. 
The apical-to-basal footprint ratio of MHBS cells is 1.46  0.12 as opposed to 2.32  0.17 in 
MHBC. Despite the fact that the mean apical-to-basal footprint ratio of MHBS cells is 
somewhat higher than that of hindbrain cells (1.25  0.06) the difference is not statistically 
significant (Mann-Whitney U test p>0.05) (Figure 22F). 
The quantification of cell shapes in the MHB showed that MHBS cells have similar 
shapes to hindbrain cells and retinal cells have similar shapes to MHBC cells. To test if these 
pairs of geometrically similar cells utilize the same mechanism of apical nuclear migration, I 
compared the kinetics of their migration, the nuclear shape changes that accompany the 
process and the distribution of actin in G2. 
 
3.5.4. Nuclei in straight and curved neuroepithelia move with distinct 
kinetics 
To analyze the kinetics of apical nuclear migration in MHB based on nuclear 
trajectories, the same segmentation and tracking analysis used for hindbrain and retina was 
applied to time-series of nuclear movement in MHBS and MHBC.  
All nuclear trajectories acquired in the MHBS and MHBC are presented in (Figure 
23A) and overlaid on top of hindbrain and retinal trajectories respectively for comparison. 
The mean instantaneous velocity of MHBS nuclei is 0.66  0.08 µm/min, as opposed to 0.36  
0.04 µm/min for MHBC nuclei (Figure 23B). Comparison of these values to the mean 
instantaneous velocities measured for hindbrain nuclei (0.63  0.06 µm/min) and retinal 
nuclei (0.32  0.04 µm/min) demonstrates that in each pair of tissues with the same geometry 
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nuclei move at the same velocity. Furthermore, G2 nuclei in the two straight neuroepithelia 
move faster than G2 nuclei in the two curved neuroepithelia (Figure 23B).  
To test if nuclei in straight neuroepithelia move in a more directed manner, compared 
to nuclei in the curved neuroepithelia, we quantified the directionality ratio of G2 nuclear 
movements. The directionality ratio was plotted for all cells of each tissue for increasing 
intervals of time (Figure 23C). The directionality ratio of MHBS nuclei displays a decay, 
similar to that of hindbrain nuclei (with a final value of 0.67  0.01) while the directionality ratio 
decay of MHBC nuclei is much more similar to that of retinal nuclei (with a final value of 0.53 
 0.01. This analysis corroborated that nuclei in straight neuroepithelia have more directed 
motion compared to nuclei in the curved neuroepithelia. 
 
 
Figure 23: Nuclei in straight and curved neuroepithelia move with distinct kinetics 
A) Nuclear trajectories of MHBS and MHBC cells plotted as distance of the nuclear position from 
the apical side and compared to the trajectories of hindbrain and retinal cells respectively.  
B) Nuclei in straight and curved neuroepithelia move with distinct instantaneous velocities. 
C) The analysis of the directionality ratio during apical nuclear migration shows that MHBS and 
hindbrain nuclei move in a more directed manner than MHBC and retinal nuclei. Mean  SD. 
D) Analysis of the nuclear aspect ratio changes with respect to S phase demonstrates that nuclei 
in curved neuroepithelia undergo stronger deformations during their movement to the apical side 
than nuclei in straight neuroepithelia. 
 
Overall, the analysis of nuclear motion during apical migration demonstrated that 
nuclei in the studied straight neuroepithelia reach the apical side faster because they move 
with higher velocity and greater directionality compared to nuclei in curved neuroepithelia. All 
these features are conserved within a tissue with given geometry which indicates that the 
mechanism of apical migration is also likely to be conserved. 
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3.5.5. Nuclear shape changes during apical migration are stronger in 
curved compared to straight neuroepithelia 
Nuclei in straight and curved neuroepithelia move in distinct manner suggesting that 
the forces that propel them to the apical side could also act differently. To test this, I 
analyzed the aspect ratio changes that occur in G2 during migration, once more normalizing 
them to the mean nuclear aspect ratio, observed in S phase for each tissue (Figure 23A). 
This analysis demonstrated that nuclei in the MHBC undergo more dramatic nuclear shape 
changes (an average of 0.24  0.03), even compared to nuclei in the retina (where the 
average change was 0.17  0.01). Nuclei in the MHBS undergo weaker deformations 
compared to nuclei in retina and MHBC during migration (an average of 0.12  0.02). The 
maximal change in nuclear aspect ratio in the MHBS reached only 0.44 while in the MHBC it 
had a value of 1.20. Therefore, this analysis demonstrated that much more pronounced 
nuclear shape changes accompany apical nuclear migration in curved neuroepithelia 
compared to straight neuroepithelia. The different nuclear shape changes that accompany 
the movement indicate that distinct sets of forces propel the nuclei in tissues with different 
shapes. 
 
3.5.6. Basal cytoplasmic actomyosin follows the nucleus in cells of 
curved neuroepithelia 
To specifically observe actin distribution in G2 cells during apical migration, live 
imaging of actin labelled with GFP-UtrophinCH was conducted in MHB.  Actin was enriched 
in the basal process of MHBC cells, where bursts of actin were observed basally of the 
nucleus similar to retinal cells (Figure 24A, Movie 5). Such strong and persistent enrichment 
of cytoplasmic actin was not observed in MHBS cells where actin remained confined mainly 
to the periphery of the cell, just as observed for hindbrain cells. These differences are further 
demonstrated in kymographs of actin distribution, presented side by side with kymographs 
from representative hindbrain and retinal cells (Figure 24B). While cells in curved 
neuroepithelia display strong increase in actin basally of the nucleus during apical migration, 
such enrichment is not observed in cells residing in straight neuroepithelia. 
These differences in apical nuclear migration kinetics, the accompanying nuclear 
deformations, and actin distribution between cells residing in straight and curved 
neuroepithelia indicate that nuclei in tissues with distinct curvature use different mechanisms 
of actomyosin-dependent apical nuclear migration. 
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Figure 24: Basal cytoplasmic actomyosin follows the nucleus in cells of curved PSE 
A) Representative time-series showing that actin is enriched in the periphery of MHBS cells 
during migration. Strong cytoplasmic enrichment of actin is observed basally of the nucleus as it 
moves to the apical side in MHBC cells (white arrowhead). Scale bars 5 µm. 
B) Schematic showing how the fluorescence intensity of GFP-UtrophinCH was sampled in 
projections of single cells from a line that followed the apico-basal cell axis to demonstrate the 
distribution of actin during the entire duration of apical migration in kymographs. 
C) Kymographs showing the distribution of actin during apical migration along the apico-basal 
axis of cells in straight and curved neuroepithelia. 
 
--- 
 
In summary, this thesis presents evidence that the mechanism of force generation 
during apical nuclear migration differs between pseudostratified neuroepithelia with distinct 
curvature. In both straight and curved zebrafish neuroepithelia the process is actomyosin-
dependent. However, nuclei in straight neuroepithelia move to the apical side faster, 
smoother and in a more directed manner, their movement is accompanied by weaker nuclear 
deformations, and is regulated by Rho-kinase-dependent contractility. In contrast, nuclei in 
curved neuroepithelia display slower, more saltatory and less directed movement, 
accompanied by more dramatic nuclear deformations, and reliant on formin-dependent actin 
nucleation. I demonstrated that cells located in different parts of the developing zebrafish 
nervous system that have similar shape, would use similar force generation mechanisms. 
This strongly suggests that tissue curvature and cell architecture determine the mechanism 
of force generation during apical nuclear migration. I propose that the link between tissue 
and cell shape and the mechanism of apical migration in zebrafish neuroepithelia is the 
actomyosin cytoskeleton. This study underlines the importance of a robust apical migration 
that has the sole purpose to bring the nucleus to the apical side for mitosis and thus preserve 
tissue integrity, independently of the mechanism used to achieve this goal (as suggested in 
(Strzyz et al., 2015). 
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4. Discussion 
In my thesis work, I reveal that tissue curvature can influence the apical movement of 
nuclei in cells of different zebrafish neuroepithelia. More precisely, I show that nuclei in cells 
of straight and curved neuroepithelia are propelled to the apical side by distinct actin-
dependent mechanisms. This conclusion is based on my results demonstrating that nuclei in 
straight and curved tissues display movements with distinct kinetics, caused by the action of 
distinct forces. Surprisingly, although these distinct forces are generated by the same 
cytoskeletal elements, they are regulated differently. The activation of the Rho-GTPase – 
Rho-kinase pathway is essential for nuclear movement only in straight, but not in curved 
tissues. In turn, actin nucleation by Fmnl3 is necessary for apical migration only in curved, 
but not in straight neuroepithelia. I propose that the link between the mechanism of apical 
nuclear migration and tissue curvature is the distinct regulation of actomyosin that is required 
both to maintain tissue shape and to generate the forces that propel the nucleus (Figure 25).  
 
 
Figure 25: Graphical summary 
Actin and myosin are distributed differently in straight and curved neuroepithelia and thus shape 
tissues with distinct curvature in which reside cells with different shapes that utilize different 
mechanisms of apical nuclear migration. 
Straight neuroepithelia (the hindbrain and MHBS) do not have strong enrichment of contractile 
actomyosin in the basal part of the cell. Cells in this tissue have cylindrical shape. Their nuclei are 
driven by actomyosin controlled by the Rho-GTPase – Rho-kinase pathway. The forces that actin 
generates in these tissues might be distributed evenly along the nuclear surface, nuclei do not or 
undergo weaker shape changes during apical nuclear migration and move in a fast, smooth and 
directed manner. 
Curved neuroepithelia (the retina and the MHBC) are characterized by a strong actomyosin 
enrichment on the basal side of cells. Consequently, cells have a constricted basal portion and 
conical shape. Their nuclei are likely to be pushed to the apical side by an expanding actin 
network in a mechanism where myosin activity is also needed. Nuclei deform during migration 
and move in a slower, less directed, saltatory manner. 
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This study thus demonstrates that the cytoskeleton has the ability to adapt to different 
geometric constraints by implementing different force generation mechanisms that carry out 
the same intracellular function.  
In this chapter, I discuss the need for nuclei to be deformable to move efficiently in 
the crowded PSE tissues, the possible mechanisms of apical migration in different 
neuroepithelia and what my findings reveal about the versatility and adaptability of the 
cytoskeleton to different geometries. Finally, I state the open questions and propose future 
studies that could address them. 
 
4.1. The deformability of neuroepithelial nuclei as a prerequisite 
for migration in the crowded PSE 
My results demonstrated that lamin A/C is absent in hindbrain and retinal 
neuroepithelial nuclei. Lamin A/C is the component of the nuclear lamina that increases the 
mechanical stiffness of the organelle (Swift et al., 2013) and its absence can explain why 
neuroepithelial nuclei deform upon collisions with adjacent cells. Moreover, I found that 
overexpression of lamin A/C can hinder apical nuclear movement and lead to mitosis at sub-
apical positions. Lamin A overexpression is likely to result in an increase in nuclear stiffness 
that can explain the observed perturbation of apical migration. Increased stiffness can lead to 
decreased deformability of the organelle and in a crowded tissue, such as the PSE, where 
nuclei are tightly packed to ensure that the growing epithelium can accommodate an 
increasing number of cells (Matejcic et al., 2018), non-deformable nuclei might have 
difficulties to intercalate between other nuclei. These results indicate that the lower stiffness 
and high deformability of the nuclei in the crowded PSE are important for their efficient 
nuclear movements. A parallel can be drawn between the necessity to deform the nucleus 
while translocating it inside the cell in a tightly packed tissue and while translocating the cell 
body during migration of cells through pores with constraining size. When migrating cells 
encounter constrictions smaller than the nuclear cross section, the large and relatively rigid 
nucleus must deform substantially to pass through the available space (Davidson et al., 
2015; Harada et al., 2014; Wolf et al., 2013). Thus, nuclear deformation was shown to be 
rate-limiting for 3D migration and high content of lamin A, associated with higher nuclear 
stiffness, was shown to impede 3D migration in confined space (Harada et al., 2014). In 
dendritic cells Arp2/3 complex nucleates actin around the nucleus to perturb lamin A/C in the 
nuclear lamina that increases nuclear deformability and facilitates the migration through 
narrow constrictions (Thiam et al., 2016).  In the crowded PSE, the space through which the 
nucleus migrates is also confined by the packing of neighboring nuclei. It is thus likely that 
the deformability of surrounding nuclei could further facilitate the intercalation of the migrating 
nucleus between them. In this case, one can expect that the greater the number of cells in 
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the tissue that overexpress lamin A and consequently have increased nuclear stiffness, the 
more arduous nuclear movements would be and the easier nuclei would get ‘jammed’ in the 
tissue. Further experiments are needed to test this hypothesis. 
Nuclear packing was shown to increase in the zebrafish retina as the tissue grows 
(Matejcic et al., 2018). The need for nuclei to deform in order to move to the apical side in the 
PSE might be even stronger with increased nuclear packing that comes with progression 
through development. The more cells are packed in the tissue, the more important it might be 
for the nucleus to be flexible and deformable. In agreement with this idea, immunostaining of 
lamins during later stages of development (until 56 hpf, Jaroslav Icha, unpublished) 
demonstrated that while other components of the nuclear envelope are upregulated (lamin 
B1 and B2, lamin B receptor), lamin A remains absent in the retina.  
In conclusion, my findings demonstrate that the deformability of neuroepithelial nuclei, 
brought about by the absence of lamin A/C facilitates nuclear migration in the tightly packed 
pseudostratified tissue.  
 
4.2. Possible mechanisms of apical nuclear migration 
My experiments demonstrated that apical nuclear migration in both hindbrain and 
retina depends on actin network turnover and myosin activity as also proposed earlier 
(Norden et al., 2009). However, the exact mechanisms of force generation in both tissues are 
not yet fully understood. In this section I discuss different possible mechanisms of force 
generation in curved and straight neuroepithelia and propose how these mechanisms could 
be tested. 
 
4.2.1. Cortical flow-dependent mechanism in the hindbrain 
My results demonstrated that apical nuclear migration in the hindbrain depends on 
Rho-GTPase – Rho-kinase activity. In addition, I find that in hindbrain cells during G2 actin is 
enriched at the cell periphery, but not in the cytoplasm. These findings suggest that cell 
cortex contractility plays a role in force generation during apical migration. How could the cell 
cortex act to move nuclei to the apical side? As already mentioned in the Introduction, 
cortical flows are able to generate forces to transport the anterior PAR proteins during the 
polarization of the one-cell C. elegans embryo (Mayer et al., 2010; Munro et al., 2004). In 
addition, in non-adherent blebbing cell lines cortical flows can drive cell movement through 
nonspecific substrate friction using forces several orders of magnitude lower than during 
focal-adhesion-based motility to propel the cell forward (Bergert et al., 2015). One possibility 
is that, similarly to these previously described mechanisms, friction between the cortex and 
the nuclear envelope could propel the nucleus in neuroepithelial cells (Figure 26A). In such 
scenario higher concentration and activity of myosin motors at the apical side of the cell 
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cortex could lead to anisotropies in contractility that could in turn cause the generation of a 
tension gradient. This tension gradient would then lead to generation of cortical flows 
directed towards the apical side. In case of friction or coupling between the nuclear envelope 
and the cell cortex, cortical flows in apical direction could pull the nucleus to the apical side. 
Such mechanism would require direct contact between the nucleus and the cortex for the 
generation of friction forces. Alternatively, movement can be generated by direct coupling 
between the nuclear envelope and the actomyosin cortex. Such direct coupling could be 
mediated by the LINC complex in numerous points on the surface of the nucleus. The 
coupling between the cell cortex and the nuclear envelope in multiple points could lead to an 
even distribution of the pulling forces across the surface of the organelle and can explain why 
hindbrain nuclei do not undergo shape changes during apical migration. The cell cortex 
under tension could additionally act to shield the transported nucleus from collisions with 
neighboring nuclei and thus prevent deformations. In addition, the gradual contraction of the 
cortex by a multitude of motors that apply constant contractile forces on the actin network 
could explain why nuclear movement in the hindbrain was found to be faster and smoother 
than in the retina. A cortical flow-dependent mechanism could also be supported by the 
qualitative observation that while in hindbrain cells the apical actomyosin belt was always 
bright, fluorescence intensity of actin and myosin in the basal process was relatively low. 
As a preliminary attempt to test this model, I tried to image cortical flows live through 
visualizing the foci of active myosin (labelled with CA-MRLC-GFP) with high temporal 
resolution in LSFM (not shown). Unfortunately, the high temporal resolution caused 
excessive bleaching and phototoxicity that perturbed apical nuclear migration. This approach 
could be improved if myosin foci are imaged with high temporal resolution (minimum 1 frame 
per second) only during short time intervals (for up to 2-3 minutes) during apical migration. 
That could enable the tracking of individual myosin foci without compromising the sample 
health or the intensity of the signal. 
Additionally, the role of possible coupling between the nucleus and the cortex can be 
tested by perturbation with the LINC complex, for example by overexpression of truncated 
KASH proteins (Lombardi et al., 2011). The role of cortical flows could be tested by injecting 
in single cells wheat germ agglutinin (WGA), a lectin that binds to cell surface glycoproteins 
and thus blocks cortical flows (Rosenblatt et al., 2004). Laser ablation of the cell cortex could 
also be employed to test for changes in cortical tension in the apical and basal portion of the 
cell with the onset of G2. However, the use of this technique for precise ablation of the cortex 
without damaging the cell is hampered in the crowded PSE and would require additional 
optimization. As my results demonstrated that this mechanism of apical nuclear migration is 
dependent on Rho-GTPase – Rho-kinase activity, localized inhibition or activation of this 
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GTPase switch using optogenetic tools, as well as studies of the localization of active Rho-
GTPase could further help to establish how force generation is regulated in this tissue.  
In conclusion, my results demonstrated that the cortex could be responsible for force 
generation during apical nuclear movement in straight neuroepithelia. Future experiments 
are required to test this hypothetical mechanism and reveal the mechanistic details. 
 
4.2.2. Basal pushing mechanism in the retina 
The increase in nuclear aspect ratio during apical nuclear migration in retinal cells 
and the observed basal indentations in ablated nuclear regions indicate that retinal nuclei are 
pushed to the apical side by a force originating basally of the organelle. The action of 
pushing forces pushes the moving nucleus against adjacent, more apically located nuclei in 
the crowded tissue and this could explain the shortening of the apico-basal axis and increase 
in aspect ratio that accompanies the movement. The enrichment of actin and myosin 
observed basally of the moving nucleus in retinal cells argues in favor of a force generation 
process taking place in the basal portion of the cell. In this section, I discuss two possible 
pushing mechanisms that could act in retinal cells. 
 
4.2.2.a. Pushing of the nucleus by a cytoplasmic flow 
Based in the observed basal enrichment of actin and myosin that follows nuclei while 
they move to the apical side in retinal cells, it was previously proposed that retinal nuclei are 
propelled by constriction of the basal cell process (Leung et al., 2011; Norden et al., 2009) 
(Figure 26B). In such scenario, higher basal and lower apical myosin activity could lead to 
increased tension only in the basal segment of G2 cells leading to intracellular pressure 
differences. Higher intracellular pressure in the basal than the apical segment could cause 
flow of material (cytoplasm) in apical direction. The cytoplasmic flow would push the nucleus 
and at the same time cause volume reduction of the basal cell process, similarly to 
squeezing a toothpaste tube to extrude the toothpaste from the opposite end. Thus, if this 
mechanism was valid, it was expected to observe a reduction of the basal cell volume and 
constriction of the basal process in G2 retinal cells during apical nuclear migration. However, 
live imaging of G2 cells in which the cell border was labelled with EGFP-UtrophinCH (Figure 
9C) demonstrated that no basal process constriction occurs during apical migration in the 
retina, thus refuting this mechanism. Preliminary data also suggests that no volume changes 
occur (data not shown). These experiments suggest that cytoplasmic flows caused by basal 
process constriction are unlikely to explain how the nucleus moves in retinal cells. 
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Figure 26: Possible mechanisms of apical nuclear migration 
A) Cortical flow-dependent mechanism in the hindbrain. 
B) Pushing of the nucleus by a cytoplasmic flow in the retina. 
C) Pushing of the nucleus by an expanding actin network in the retina. 
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4.2.2.b. Pushing of the nucleus by an expanding actin network 
Based on the saltatory nature of nuclear movement in the retina, the dependence of 
the process on actin nucleation by Fmnl3, and the observed enrichment of actomyosin that 
closely follows the organelle during movement, I propose that an expanding actin network, 
localized close to the basal nuclear surface pushes the organelle to the apical side (Figure 
26C). The saltatory migration of nuclei in the tissue suggests that the forces propelling the 
nucleus act in pulses. Such behavior has previously been observed in the propulsion of 
functionalized beads or vesicles by branched actin arrays nucleated by Arp2/3 (Delatour et 
al., 2008) in vitro, as well as in motility of intracellular parasites that hijack the actin-
synthesizing machinery of the host cells and use it for propulsion. Instances of saltatory 
movement of Lysteria monocytogenes were observed when the bacterium detaches itself 
from the actin tail that propels it for a brief period (typically a few seconds) and meanwhile 
polymerization of actin filaments leads to the formation of a new tail, which in turn is then 
shed (Gerbal et al., 2000; Soo and Theriot, 2005). Pushing by polymerizing actin networks 
has been implicated also in the transport of larger cargoes, for example in the first phase of 
chromosomal movements in meiosis I of mouse oocytes. In this example, a Fmn2-nucleated 
actin structure was shown to push the chromosomes towards the periphery of mouse 
oocytes in a saltatory fashion (Li and Higgs, 2003; Yi et al., 2013). The saltatory nature of 
movements driven by actin polymerization can be explained by the need to cyclically 
assemble, disassemble, and reassemble the actin network to trigger persistent movement in 
one direction. In the context of apical nuclear migration, such assembly would occur at 
positions that are closer and closer to the apical side. The observed enrichment of actin and 
myosin that followed nuclei to the apical side and appeared in bursts is in agreement with the 
hypothesis that a growing basal actin network pushes the organelle in apical direction. The 
dependence of the process on formin activity also argues in favor of this mechanism. 
Importantly, Fmnl3 is among the few formins that were shown to be able to bind to actin 
filament sides and promote their bundling (Harris and Higgs, 2006; Vaillant et al., 2008), an 
activity that could additionally stabilize the network, increase its stiffness, and improve its 
ability to push against large cargo. Fmnl3 was shown to be associated with the plasma 
membrane and was implicated in filopodia formation downstream of the membrane-bound 
GTPase Cdc42 (Harris et al., 2010; Wakayama et al., 2015). It is, thus, possible that the 
actin network that pushes the nucleus in retinal cells is nucleated at locations at the plasma 
membrane and it cannot be excluded that it is continuous with the cell cortex. The cell border 
then could provide support for the network to push against to displace the nucleus.  
The possibility that an expanding actin network pushes the nucleus to the apical side 
opens further questions regarding the structure of the network that is applying the force, how 
it is regulated, what additional proteins are involved in its organization, and how it is 
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assembled in a polarized manner. To address these questions and reveal the details of this 
force-generation mechanism, it is necessary to employ super-resolution techniques and 
perform a thorough screen for the role of actin regulators in neuroepithelia. 
 
4.2.2.c. Possible roles of myosin in a basal pushing mechanism 
Interestingly, myosin activity was shown to be necessary for apical nuclear migration 
in both hindbrain and retinal cells. While it is easy to understand why myosin is needed for a 
mechanism depending on cortical flows, it is not so obvious why it might be necessary for a 
mechanism of nuclear migration that depends on pushing by a growing actin network.  
A possible association between the cortical and cytoplasmic networks could offer an 
explanation for the need of active myosin for unperturbed apical migration in the retina. 
Although the process does not depend on Rho-GTPase – Rho-kinase activation, it is 
possible that cortical flows triggered by different regulators exist also in the retina. Such 
cortical flows could aid the pushing forces applied by the expanding actin network by 
providing additional contractile force in apical direction. In addition, such cortical contractility 
might provide a moving platform for the nucleation of actin closer and closer to the apical 
side, in case the Fmnl3 patches are associated specifically with a confined region of the 
cortex. Interestingly, the Fmn2-nucleated actin network that was proposed to push the 
chromosomes in mouse oocytes was not the only proposed mechanism of chromosome 
transport in this system. Another study (Schuh and Ellenberg, 2008) showed that myosin 
activity is necessary for this movement and proposed that an actomyosin contractile network 
pulls the chromosomes to the periphery of the cell. Although the pushing and pulling 
hypotheses were presented as opposed to one another, it is possible that these two 
mechanisms cooperate to provide enough force to displace such large cargo as an entire set 
of chromosomes. Actin networks have been traditionally considered too weak to generate 
great enough forces to propel large cargoes by pushing because of the low persistence 
length of actin filaments compared to that of microtubules. However, a cooperation of pulling 
and pushing by continuous actin structures (such as a cortical and a cytoplasmic network 
nucleated at the cortex) could generate greater forces and move larger cargoes more 
efficiently. Although in a different context, cooperation between formin-nucleated structures 
and myosin contractions has been shown before (Suraneni et al., 2015). The contraction of 
actomyosin arcs between formin-nucleated filopodia-like protrusions was shown to help 
rescue cell migration in Arp2/3-deficient cells. In this example, contraction of the arc-like 
regions located between filopodial structures against the membrane tension drives 
coordinated advancement of the web of arcs with the filopodia, and, consequently, of the 
whole leading edge of the cells. In a similar manner, contraction of the network of actomyosin 
Discussion 
 81 
beneath the nucleus could provide dynamic tension, similar to a slackline or a trampoline, 
that could aid the pushing of the nucleus to the apical side. 
Alternatively, the high tissue-wide tension in the retina, provided by myosin activity, 
might be important for apical nuclear migration. High tension in the tissue might serve to give 
a stable support for the growing actin network to push against while moving the nucleus to 
the apical side. Laser ablation experiments showed that tissue-wide apico-basal tension in 
the retina is increased at the developmental stage studied in this thesis (demonstrated by 
Marija Matejcic in her PhD thesis) and it arises from the enrichment of contractile actomyosin 
in the baso-lateral domains of retinal cells (Matejcic et al., 2018). This baso-lateral 
actomyosin enrichment can be downregulated by longer treatments with higher 
concentrations of Rho-kinase inhibitor than those used in my pharmacological drug screen. 
Such treatment might be used to test if relaxation of overall tissue tension can interfere with 
the efficiency of apical migration in the retina. 
Another possible role for myosin during force generation in the retina could be to 
organize and align the filaments with respect to one another or to crosslink them in order to 
provide increased stiffness of the network. It cannot be excluded that myosin is important for 
more than one of these proposed functions during apical migration. 
In addition to the particular role active myosin plays in apical migration in the retina, it 
also remains unclear how it is regulated in this tissue. While I showed that in the hindbrain, 
apical nuclear migration depends on Rho-kinase, one of the major activators of myosin II, in 
the retina the process is independent of this myosin regulator. This means that myosin is 
activated by other regulator(s) to take part in generation of the forces that drive retinal 
nuclear movements. Preliminary data (in collaboration with Marija Matejcic) demonstrated a 
reduction in the number of apical mitoses in the retina after inhibition of myosin light chain 
kinase (MLCK) in fixed samples (not shown). This is a promising result, and although it 
needs to be validated by live imaging, it might mean that we are one step closer to 
understanding how myosin is regulated differently in these different mechanisms of apical 
migration. Interestingly, in cultured cells it has also been demonstrated that myosin can be 
phosphorylated by Rho-kinase and MLCK in distinct cellular locations with different 
consequences for the viscoelastic properties of the actomyosin structures they are involved 
in (Kassianidou et al., 2017). Similarly, the actomyosin networks in hindbrain and retina, 
regulated by Rho-kinase and MLCK could have different characteristics, favoring different 
mechanisms of force generation of apical nuclear migration.  
In conclusion, my results demonstrate that actin organization and myosin activity are 
regulated differently during apical nuclear migration in zebrafish neuroepithelia. Future work 
is needed to elucidate the molecular mechanisms of force generation in these two tissues but 
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what already becomes clear is the remarkable adaptability of the actomyosin cytoskeleton to 
fulfil the same function in distinct ways under different conditions. 
 
4.3. The adaptability of the cytoskeleton ensures robust apical 
nuclear migration 
4.3.1. Cytoskeleton adaptability ensures the robustness of apical 
nuclear migration 
Previous studies show that apical nuclear migration is of utmost importance for the 
future development of PSE and a variety of mechanisms, dependent both on actomyosin and 
on microtubules, can be employed to achieve this goal in different model systems. As 
mentioned already in the introduction, different mechanisms of apical nuclear migration seem 
to be employed in PSE cells of different length (Strzyz et al., 2016). Microtubule motors pull 
the nucleus to the apical side in long PSE cells, such as radial glia cells (Hu et al., 2013; Tsai 
et al., 2010; Xie et al., 2013). In chick neural tube microtubule motors position the nucleus 
more apically and then actomyosin-dependent cell rounding finishes its movement to the 
apical side (Spear and Erickson, 2012). It is considered likely that in short neuroepithelia, 
such as Nematostella neuroectoderm (Meyer et al., 2011) and Drosophila wing disc (Rujano 
et al., 2013), actomyosin moves nuclei to the apical side upon cell rounding. Remarkably, my 
results demonstrate that even within the same organism cells in different conditions can use 
distinct mechanisms to bring their nucleus to the apical side. 
While it is easier to imagine how different mechanisms might be employed by a 
variety of evolutionary distant organisms, it is rather surprising to find out that within the 
same developing organism neighboring tissues utilize different mechanisms to achieve the 
same final goal. This finding demonstrates the great plasticity and adaptability of the 
cytoskeleton, when it comes to performing a process that is critical for the functioning of the 
cell and the future development of the tissue. Similar adaptability is demonstrated in basal 
nuclear migration of retinal ganglion cells in the developing zebrafish retina (Icha et al., 
2016a). These cells normally are attached to the basal side and their nuclear movement is 
microtubule-dependent. Interestingly, in rare instances or upon perturbation of microtubules, 
the basal cell process is retracted and actomyosin can act to propel the cell body in a 
multipolar mode of migration. Multipolar migration is less efficient than the nuclear 
displacement by microtubules but ensures the successful formation of the ganglion cell layer 
in the retina and thus, the ability of the future organ to transmit visual information to the brain. 
Similarly, apical nuclear migration in curved tissues seems to take longer and is less efficient 
than that in straight tissues but ensures the apical localization of mitoses. Apical mitoses 
ultimately ensure that daughter cells would be able to reintegrate into the tissue that would in 
turn be able to form intact neuronal layers later in development (Strzyz et al., 2015). In 
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addition, these findings underline the importance of a robust apical migration that has the 
sole purpose to bring the nucleus to the apical side for mitosis and thus preserve tissue 
integrity, independently of the mechanism used to achieve this goal. 
Remarkably, developing zebrafish neuroepithelia display even greater variety of 
shapes than the curved and the straight shape on which the current study was focused. 
These tissues can also have negative curvatures (with smaller apical and larger basal area) 
in different regions of the CNS and as the tissues grow cell length can increase dramatically 
(up to 67 µm in retinal neuroepithelium at 48 hpf, (Matejcic et al., 2018). It will be interesting 
to see how the cytoskeleton adapts to these changing conditions (or geometric constraints) 
during morphogenesis and growth of the embryo and if the actomyosin cytoskeleton could 
adapt to these changing conditions by generating forces using even more diverse 
mechanisms. This would not be surprising as the huge variety of mechanisms, discovered in 
studies of apical nuclear migration so far, clearly demonstrates that for pseudostratified 
epithelial cells this important end justifies the means. 
 
4.3.2. Adaptation of the actomyosin cytoskeleton to different tissue 
curvature 
I demonstrated that cells within neuroepithelia of different curvature have distinct 
shapes and use distinct mechanisms of apical nuclear migration. In addition, I showed that 
tissue-wide distributions of actomyosin in straight and curved neuroepithelia differ. Based on 
these findings, I propose that the different regulation of actomyosin generates cells with 
distinct shapes that build tissues with different curvature and utilize different mechanisms of 
apical migration. Thus, actomyosin regulation that is responsible for the generation of cell 
shape can explain how tissue curvature can influence apical nuclear migration.  
Interestingly, the self-organization of actomyosin in cells is regulated by the action of 
regulator proteins but is also extremely sensitive to geometric constraints (Vignaud et al., 
2012). The different areas and shapes of the cell-cell and cell-matrix contacts could present 
different spatial constraints or boundary conditions for the formation of cytoskeletal 
structures. Thus, cell shape within tissues with different curvature could act as a geometric 
constraint for the organization of the structures that would propel the nucleus during apical 
migration. 
The regions between the straight and curved portions of the MHB present an 
opportunity to study apical migration in cells with irregular cell shapes. These areas contain 
cells with unusual cell shapes that present mixed characteristics of the cells of curved and 
straight regions. As they are placed between the curved and the straight parts of the tissue, 
this creates a continuity of cell shapes that gradually transition from more cylindrical to more 
conical (Figure 27A, Movie 6). Even more intriguing, apical nuclear migration in these cells 
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also demonstrated intermediate characteristics between those of straight and curved tissues 
in terms of mean instantaneous velocity and directionality ratio (Figure 27B and C). This 
suggests that in regions with transitional curvatures and intermediate cell shapes, the 
mechanisms of apical nuclear migration might also gradually transition into one another. 
Such possible continuity of mechanisms of force generation could be explained by a gradual 
transition between different patterns of actomyosin distribution from cells in the straight to 
cells in the curved region of the tissue. This would mean that the same molecular players are 
involved in force generation in tissues of different curvature but the differences in their action 
result from their distinct distribution within the cells as a result of the influence of different 
boundary conditions.  
 
Figure 27: Cell shape and nuclear migration in the transition zone between MHBC and 
MHBS (MHBTr) 
A) Representative time-series of apical migration of a cell in the MHBTr. The cell demonstrates 
irregular shape with unusually curved apico-basal axis. Scale bar 5 µm. 
B) Instantaneous velocities of nuclei in the MHBTr have intermediate values between the 
velocities of straight and curved neuroepithelia.  
C) The directionality ratio of MHBTr cells displays intermediate values between those of curved 
and straight neuroepithelia. 
 
The influence of spatial boundary conditions on the self-organization of cytoskeletal 
networks has been studied extensively in simpler systems, such as in vitro reconstituted 
systems, cell extracts, and in cultured cells, grown on ECM micropatterns of different shape 
(rev. in (Vignaud et al., 2012). These studies have helped to determine the basic rules that 
govern cytoskeleton organization in different spatial boundary conditions (from the structure 
of actomyosin networks, to defining cell polarity to affecting the distribution of cells within a 
cell layer). For example, surface micropatterning has been used to manipulate the geometric 
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boundary conditions of actin filament growth and orientation (Reymann et al., 2010). 
Interestingly, it was shown that steric interactions can force growing filaments to align parallel 
to each other orthogonal to the nucleation region. In the regions where filaments grow toward 
each other in opposite directions, they tend to form antiparallel bundles. In contrast, when 
filaments grow toward each other at an oblique angle, they tend to form parallel bundles. The 
reorientation of filaments during bundle formation guides adjacent filaments to also align with 
the bundle (Reymann et al., 2010). One can imagine that actin filaments growing from Fmnl3 
patches at opposite sides of the cell border beneath the nucleus in retinal cells could also 
follow similar rules. In such scenario, the oblique angle between the cell borders of the 
conical retinal cells could promote the formation of parallel bundles directed toward the apical 
side that could push the nucleus in this direction. This would mean that the geometry of the 
cell itself could provide a cue for the polarized formation of the network that would move the 
organelle. An intriguing possibility is that in hindbrain cells where cell borders are not 
positioned at an oblique angle, actin nucleation would not lead to the formation of the same 
structure.  
To gain deeper understanding of how the basic rules of cytoskeletal self-organization 
in boundary conditions apply to the actomyosin networks in different neuroepithelial cells, it is 
necessary to study comprehensively the regulation and structure of actomyosin networks. To 
this end, specific perturbations of different actomyosin regulators can be combined with high 
spatial resolution imaging to study the structure of the actomyosin network in normal 
conditions and upon perturbation. The perturbation of actin regulators can be achieved by 
conducting a drug screen including inhibitors of a greater number of proteins involved in 
actomyosin organization, a CRISPR/Cas9 screen, or by adapting a technique to degrade 
endogenous proteins acutely. Such techniques can be based on recognition and degradation 
of fluorescently tagged proteins by an auxin-dependent nanobody (Daniel et al., 2018) or on 
degradation of endogenous proteins based on antibody recognition (Clift et al., 2017). 
Despite the fact that zebrafish embryos are a great model organism to study dynamic 
processes live, the positioning of the tissues at depth of 50-100 µm interferes with high-
resolution imaging of intracellular processes. It is, thus, necessary to turn to super-resolution 
imaging in fixed sectioned samples to be able to visualize at high spatial resolution the 
distribution of different actomyosin regulators, the structure of the networks they give rise to, 
the orientation of the actin filaments and myosin motors within them. Super-resolution 
imaging can be combined with expansion microscopy in order to increase further spatial 
resolution. To be able to apply these techniques to image the actomyosin pools during apical 
nuclear migration, a method for specific labelling of G2 cells in fixed tissues is necessary. 
After an unsuccessful attempt to apply FUCCI in our system, I adapted EdU labelling in 
combination with PCNA staining to distinguish different cell cycle phases in zebrafish 
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embryos. The ability to recognize G2 cells will enable the thorough analysis of the distribution 
of actomyosin and its regulators not only at tissue level, but also at the level of single cells of 
defined cell cycle stage.  
More importantly, such analysis under physiological conditions and upon perturbation 
would make it possible to understand the complex interplay between tissue shape formation 
and the regulation and performance of intracellular cytoskeleton-dependent processes. While 
cytoskeletal organization can be studied in simpler systems (in vitro or in cultured cells) that 
provide deep mechanistic insight, their simplicity itself limits the questions that can be asked. 
Although harder to address, fascinating problems can be found in more complex systems, 
such as cells in tissues of intact organisms. It is, thus, worthwhile to look for them in order to 
understand how the cytoskeleton is able to integrate its many functions in the cells of living 
organisms. My study presents initial steps in addressing this problem by revealing that there 
is a link between tissue curvature, cell shape, and the mechanisms of intracellular force 
generation by the cytoskeleton in neuroepithelial cells of zebrafish embryos.  
 
5. Outlook 
The future challenge would be to understand mechanistically how the formation of 
cytoskeletal networks under different spatial constraints in the tissue is combined with the 
performance of critical cell functions like apical nuclear migration. To this end, it is necessary 
to study how the different pools of actomyosin are regulated and structured in these tissues. 
Even more intriguing is how this regulation changes and how actomyosin pools are 
restructured with the onset of G2 and of apical nuclear movement. Zebrafish neuroepithelia 
present a model system where it is possible to compare the performance of an intracellular 
cytoskeleton-driven process in tissues with similar general architecture, polarity features, and 
cell length, but differing in curvature within an intact developing organism. Such studies 
would advance the knowledge about the fundamental rules of cytoskeletal organization in 
more complex systems and the cell biology of developing organisms.  
While zebrafish embryos provide a great opportunity to compare the cytoskeletal 
organization in different tissues, this system also poses limitations on the study of the 
molecular mechanisms of force generation. Within the tissue it is not easily possible to 
measure parameters like nuclear stiffness, intracellular pressure, the forces exerted by the 
actomyosin network or to conduct laser ablation experiments without damaging the tissue 
and visualize the cytoskeleton dynamics live with high spatial resolution. To overcome these 
limitations, it would be greatly beneficial to develop a 3D primary cell culture system where 
the basic features of neuroepithelial cells (apico-basal polarity, elongated cell shape, apical 
nuclear migration) are conserved and it is possible to conduct the experiments that are not 
feasible within the embryo. Another advantage of cell culture systems is the greater ease to 
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conduct RNAi and CRISPR/Cas9 screens in search of possible regulators of apical nuclear 
migration in cells of different shape. The effect of loss of function of promising candidates 
can then be verified in situ. An additional advantage of such system is that 3D 
micropatterning methods (rev. in (Yilmaz et al., 2014) can provide the opportunity to control 
the curvature of the substrate and thus gain control over the curvature of the growing cell 
layer and the cell shape of the cultured cells. This would enable the seeding of 
neuroepithelial cells from straight tissues on curved substrates (and vice versa) and would 
provide the opportunity to test if purely geometric effects can explain the distinct distribution 
and functioning of actomyosin networks in cells of different tissues.  
A step further in understanding the connection between spatial boundary conditions 
and force generation during apical migration would be to attempt to reconstitute the 
displacement of the nucleus in vitro. Promising candidates can be selected based on a 
previously conducted screen for actomyosin regulators that could be involved in apical 
nuclear migration. Using micropatterning these regulators can be deposited at different 
geometries, and their ability to propel isolated nuclei or beads can be tested. It would be 
interesting to see if the same minimal components can propel the nucleus when deposited at 
distinct patterns and if the resulting networks are able to generate the same forces. Such 
approach would further enable us to study in greater detail the properties of the actin 
networks generated by these regulators. 
Combining studies of the molecular details of actomyosin-dependent force generation 
in vitro and in cell culture and verifying the validity of these findings inside the living organism 
could lead to a comprehensive understanding of how the cytoskeleton can generate different 
cell geometries and at the same time adapt to them and fulfil its intracellular functions.  
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